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Abstract
Bose-Einstein condensates are coherent matter waves, produced by cooling gaseous atomic
clouds to ultra-low temperatures. For applications in atom interferometry and precision
measurements, Bose-condensed sources present an intriguing alternative to thermal atoms.
Although the current sensitivity achievable with interferometers using coherent atoms is not
comparable to thermal beam machines (mainly due to the lower flux), there are promising
ways to utilise the potential of Bose-condensed sources for atom interferometry. Among
those is the low momentum width of Bose-Einstein condensates, which can generally be well
controlled and is advantageous for increased interferometric sensitivities by implementing
large momentum transfer beam splitters. As part of this thesis, experimental and theoretical
investigations are presented to investigate the potential of Bose-Einstein condensates for
such applications. We shall present the quantum projection noise limited performance of a
Ramsey interferometer operating on the atomic clock transition of a freely expanding cloud of
Bose-condensed rubidium 87 atoms. The results include Ramsey fringes of high visibility, not
measurably affected by atomic interaction-induced dephasing effects. The achievement and
detection of the quantum projection noise limit rely critically on the precision and accuracy of
both the imaging setup and the coupling scheme in the interferometric beam splitters. The
stabilisation of the beam splitters via an optical Sagnac interferometer is the basis for the
quantum projection noise limited performance of the interferometer presented. For an increase
of bandwidth and flux in atom interferometric measurements, it is advantageous to use a
continuous atomic beam. A truly continuous coherent atom source has not been realised to
date, and we present results on a pumping mechanism in this thesis, as a decisive step towards
a continuous atom laser. By the investigation of different momentum resonances, we find
that the pumping scheme relies on a Raman superradiance-like process. Finally, the thesis
demonstrates two interaction measurements in rubidium. The strong mean field interactions
due to the high densities in Bose-Einstein condensates are used to probe the potential of a
rubidium 87 condensate with an atom laser. The measurement allows a determination of
the scattering length between the two atomic states involved. In addition to this two-body
scattering scheme, we present a measurement of three-body loss coefficients, extracted from
loss curves in rubidium 85 Bose-Einstein condensates. The measurement provides new upper
bounds on the three-body loss coefficients at the scattering lengths considered.
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Introduction
The prominent subject of the thesis at hand is the investigation of Bose-condensed sources
for applications in precision measurements,1 in particular atom interferometry [1, 2]. Atom
interferometers are most frequently based around thermal atoms, and there are a number of
intriguing questions regarding the less common use of Bose-Einstein condensates (BECs). The
most prevalently stated among those are the lower achievable flux and the effect of atomic
interactions due to the high densities in BECs. It is certainly true that the lower flux and the
dephasing due to atomic interactions can lead to a decrease in interferometric phase sensitivity.
The decisive question to answer is whether and under which circumstances the decrease in
sensitivity can be avoided or compensated for by exploiting the range of fascinating properties
of Bose-Einstein condensates — and the focus of this thesis is exactly that question. The crucial
properties that will be considered in the context of the advantages of Bose-condensed sources
are their compelling momentum and density distributions. A narrow momentum distribution
allows an efficient implementation of Large Momentum Transfer (LMT) beam splitters, leading
to an increase in the sensitivity of interferometers measuring spatially dependent effects. The
large densities in BECs on the one hand lead to dephasing, but are on the other hand beneficial
for the production of reduced quantum uncertainty (squeezed) states, which can again increase
the interferometric sensitivity.
Atom interferometers are known to be among the most precise measurement devices in
modern physics. An excellent example is the atomic fountain clock [3, 4], in which an internal
state atom interferometry scheme enables precise time measurements. In fact, the current
definition of the second is based on atomic fountain clocks, by the duration of 9,192,631,770
oscillation cycles of the atomic clock ground state hyperfine transition in 133Cs. While the
implementation of Bose-condensed sources in purely internal atom interferometry schemes is
certainly interesting (and will in fact be investigated within this thesis), it lacks the potential
to exploit the momentum distribution via large momentum transfer beam splitters. The
performance of internal state interferometric beam splitters is to a large extent independent of
the atomic momentum. The opposite is true for external state interferometers, where atoms
propagate along spatially different paths during the course of the interferometer. Beam splitters
are used to split the atoms into two external (momentum) states, and many beam splitting
schemes require a narrow momentum distribution for efficient operation, in particular for
large momentum transfers. External state interferometers based on thermal atoms have been
used with substantial success for fundamental measurements of the gravitational constant G
[5, 6] and the fine structure constant α [7, 8], and there is significant potential for studies
in general relativity [9] as well as for gravitational wave detection [10]. In a more applied
field of research, atom interferometers are a versatile tool for precision inertial sensing. Such
applications include precise measurements of linear accelerations [11], rotations [12, 13]
1In the course of this thesis, we will frequently refer to the term ‘precision measurements’. Although not
mentioning it explicitly, we mean measurements which are both precise and accurate, i.e. those that have low
statistic and systematic uncertainties associated with them.
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Figure 1: Typical absorption
pictures (calculated) for (a) a
trapped Bose-Einstein condensate
and (b) a Bose-Einstein conden-
sate after 20ms of free expan-
sion. The trapping frequencies
areωx =ωz = 2π× 209.2Hz and
ωy = 2π× 18.3Hz. During the
expansion, atomic interaction en-
ergy is converted to kinetic en-
ergy, reducing the density and in-
creasing the momentum width of
the condensate. The momentum
widths are lower than for compara-
ble thermal clouds, offering a way
to compensate for the reduced in-
terferometric sensitivities due to
the lower flux in Bose-condensed
clouds via large momentum trans-
fer beam splitting.
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and local gravity g [14, 15]. Up to the present date, the most precise inertial sensing atom
interferometers are based on beam splitters imparting two photon momenta (2ħhk) to the
atoms. Larger momentum transfer beam splitters have been realised [16, 17, 18, 19, 20]
and offer the potential to improve the interferometric sensitivity to inertial effects. Typically,
the interferometric sensitivity scales linearly with the momentum transfer, and the (realistic)
implementation of 20ħhk beam splitting in an otherwise identical interferometer means a tenfold
increase in sensitivity.
Bose-condensed sources are an excellent candidate for the implementation of such large
momentum transfer beam splitters. Bose-Einstein condensation [21, 22, 23] is the phase
transition that can occur when atomic gases are cooled to sufficiently low temperatures,
accumulating a macroscopic atomic population in the energetically lowest state of a trapping
potential. BECs have been employed for an enormous range of studies; among the more
recent accomplishments are the simulation of lattice effects in solid state physics [24, 25, 26],
the realisation of dipolar quantum gases [27], the achievement of Anderson localisation of
matter waves [28, 29], and the Dicke quantum phase transition with an optical cavity [30], to
mention only a few. In principle, the state of a Bose-Einstein condensate constitutes the lowest
achievable momentum width for a given set of experimental parameters, making it a promising
choice for LMT beam splitting in atom interferometry. Due to the large densities in BECs, atomic
interactions are typically not negligible and can strongly alter the momentum distribution. One
of the important questions to answer is whether and under which conditions the interactions
can be either neglected or taken advantage of to achieve the lowest possible momentum width.
Besides their effect on the momentum distribution, the atomic interactions affect the relative
phase evolution of the interferometer arms. The resulting dephasing can be exploited for the
production of squeezed states, allowing interferometric sensitivities below the atomic shot
noise limit. Only very recently, an improvement in interferometric sensitivity based on squeezed
states in Bose-Einstein condensates has been realised [31, 32], for atom numbers of the order
of 103. For sensitivities competitive with thermal atom interferometers, a large average flux in
the BEC source is necessary, and it is an interesting challenge to produce squeezed states in
larger atom number (of the order of 106) BECs with strong atomic interactions.
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Bose-condensed and thermal sources for atom interferometry
A standard source for atom interferometry are thermal clouds, pre-cooled with laser cooling
techniques to temperatures in the µK range. Interferometers based on such sources have
been highly successful in measuring fundamental constants [5, 6, 7, 8] and inertial effects
[11, 12, 13, 14, 15], and the purpose of this thesis is to investigate the potential of Bose-
condensed sources for similar applications. Bose condensed sources offer a range of potential
advantages while at the same time suffering from substantial drawbacks. It is not clear whether
the potential of Bose-Einstein condensates is sufficient to reach or exceed the sensitivities
achieved with thermal clouds. The thesis at hand aims at exploring this question and investi-
gates the applicability of Bose-condensed atoms for precision measurements. The characteristic
differences between Bose-Einstein condensates and thermal sources used in atom interferome-
ters are the flux, the momentum width and the density distribution; later chapters will analyse
those properties in quantitative detail, and an overview is presented here:
Flux: The flux of Bose-condensed sources is a major argument raised in the community against
their use for applications in atom interferometry. An average flux of 108 atoms/s is
achievable in thermal interferometers [33]. The largest average flux in a BEC suitable
for atom interferometry is 2× 106 atoms/s, accomplished with 23Na atoms [34]. In 87Rb,
which is more commonly used in atom interferometric experiments and which is dealt
with in the course of this thesis, typical achievable fluxes are 5× 104 atoms/s [35], more
than three orders of magnitude below what is feasible with thermal clouds. For a larger
flux in Bose-Einstein condensates, an increase in the number of atoms per cycle time is
needed. The implementation of a continuous BEC source [36] is an interesting challenge
and requires a coherent replenishment (pumping) mechanism, which is realised and
investigated as part of this thesis. It should be considered that the interferometric phase
sensitivity scales with the square root of the flux, mitigating the effect of a decreased
flux on the precision of a measurement. The remaining difference in phase sensitivity
due to lower flux needs to be compensated for by other means, such as the exploration
of reduced quantum uncertainty states or the low momentum width of Bose-condensed
sources. A brilliant example for the compensation of low flux is the ion clock [37], which
— although being disadvantaged by the probing cycle of only a single ion — has exceeded
the precision of high flux atomic fountain clocks.
Momentum width: Inertial measurements require the spatial separation between the two
interferometer arms to be as large as possible. In a typical interferometer of the Ramsey
type [38], this can be guaranteed by imparting the largest possible momentum during the
beam splitting process. Many of such large momentum transfer beam splitters are highly
velocity selective. Thermal interferometers commonly contain a velocity selection stage
to reduce the momentum width before the interferometer. Unavoidably, the velocity
selection stage reduces the average flux in the device. A Bose-Einstein condensate
comprises a macroscopic number of atoms in a single momentum state. Ideally, this
limits its momentum width to the Heisenberg uncertainty and makes it a promising
candidate for large momentum transfer beam splitting, in the best possible case without
any velocity selection stage. The effect of mean field interactions cannot be neglected in
BECs, and the atomic interactions influence the momentum width. This is particularly
important for free-space interferometers, where a Bose-Einstein condensate is released
from a trapping potential before the interferometry experiment is carried out. During
and after the release, mean field energy is converted to kinetic energy, broadening the
momentum width of the cloud. Possible ways to reduce the mean field broadening of
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the momentum width are the adiabatic expansion of the trap before the release, the
exploitation of sophisticated release (outcoupling) techniques and the use of tunable
interaction condensates.
Density distribution: A remarkable difference between typical thermal clouds used in interfer-
ometers and Bose-Einstein condensates is the significantly larger average density in a BEC.
Atomic interactions can cause strong dephasing, potentially rendering BECs impractical
for atom interferometry. It depends critically on the experimental circumstances whether
or not interaction-induced dephasing poses a problem. Interaction-induced dephasing
in free-space interferometers can be reduced similarly to the mean field broadened
momentum width, via adiabatic trap expansion and tunable interaction condensates.
Alternatively, one can use the conversion of mean field interactions to kinetic energy
during the free expansion of a BEC and start the interferometric sequence at a time
after the release when mean field interactions are sufficiently suppressed. Interaction-
induced dephasing in large density atomic clouds is by no means an uncontrollable effect,
and it can in fact be used to reduce the uncertainty of an interferometer by generating
reduced quantum uncertainty (squeezed) states, as demonstrated in [31, 32]. As an
additional benefit, the narrow spatial width of Bose-Einstein condensates enables differ-
ent state-sensitive detection schemes in atom interferometers, in particular when the
interferometric output channels are not labelled by internal atomic states.
It should be noted that the fundamental feature of a Bose-Einstein condensate, the macroscopic
occupation of a single quantum state, does not play a decisive role by itself in the above line
of argument. One could well argue that for applications in atom interferometry, one desires
an atomic cloud at the lowest possible temperature, and Bose-Einstein condensation is merely
what unavoidably happens when achieving sufficiently low temperatures. In a sense, the
situation is similar to the optical laser. While its narrow linewidth output could be achieved by
frequency filtering a white light source, this would not be practical and potentially yield lower
intensities and decreased stability compared to the output of a laser.
Atom interferometry and quantum mechanics
Atom interferometers are frequently regarded as highly quantum mechanical devices, but are
they really? To answer this question, it is best to reduce a typical Ramsey type interferometer
into its basic components, i.e. an ensemble of independent two-level atoms in combination with
atom beam splitters, atom mirrors, and a detection stage. The atomic states are controlled at
the beam splitters and mirrors of the interferometer; the relative phase evolution of the atoms
is compared to a local oscillator, via a readout stage counting the number of atoms in each state.
The well-defined transition frequency of the two-level atom is clearly of quantum mechanical
origin. So is the superposition state that each atom occupies during the free propagation time of
the interferometer. And so is the difference in phase evolution between the two interferometer
arms. The readout of the interferometer is limited by quantum projection noise, which is due to
the quantised nature of atoms and therefore in the strict sense a quantum mechanical effect as
well. However, the concept of Ramsey interferometry by itself is not quantum mechanical at all.
One could design a fully classical Ramsey interferometer with a mass on a spring, comparing
its oscillation frequency to a local oscillator driving the system. A Ramsey interferometer
merely requires an oscillating quantity whose phase can be compared to an external phase
reference. Ramsey atom interferometers make use of the quantum mechanical properties of
atoms in a rather classical experimental sequence, and it is worthwhile to keep that in mind
when discussing the nature of atom interferometry.
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Interferometry with atoms or photons?
The optical laser is of enormous importance in the field of optical interferometry. Optical
interferometers exist in a huge variety of geometries and are well established as highly sensitive
measurement devices. Popular applications are rotation sensing with Sagnac interferometers
[39] or the measurement of gravity with a falling corner cube in a Michelson interferometer
[40]. What are the advantages of using atoms instead of photons? First of all, there is
a whole variety of effects, that photons are plainly insensitive to. The intrinsically more
complex structure of atoms opens up alternative measurement possibilities, such as the time
measurement in atomic clocks via the frequency of an internal atomic transition. Furthermore,
many measurements that optical interferometers are suitable for can be significantly improved
by atom interferometry. One could naively assume that the obvious reason is the de Broglie
wavelength of atoms λdB = h/p, which can be well below the optical wavelength range. This
is not necessarily the correct approach, and many atom interferometers operate in a regime
analogous to optical white light interferometers — independent of the atomic velocity and the
de Broglie wavelength. Nonetheless, the advantages of atom interferometers are inherently
linked to the de Broglie wavelength. The fundamental difference between atoms and photons
lies in their dispersion relation. The atomic energy is Ea = ħh2k2a/2m, while for photons we have
Eγ = ħhkγ, where ka and kγ are the wave numbers of the atom and the photon, respectively. The
different dispersion relations and proportionalities to the wavenumber are the basic advantage
of atom interferometers, particularly for applications in inertial sensing. When considering an
interferometric rotation sensor in Sagnac geometry [12, 13, 41], the ratio of phase shifts for an
atomic and an optical interferometer of equal geometry scales as ∆φat/∆φγ = mc2/ħhω. For
87Rb atoms and optical wavelengths, the ratio is ∆φat/∆φγ > 1010, illustrating the enormous
potential of atom interferometers.
Structure of the thesis
The thesis deals with the investigation of Bose-condensed sources for applications in precision
measurements. An introduction to the basic notations, formalisms and techniques used
throughout the thesis will be given in chapter 1. The focus is on the behaviour of atoms
when subjected to electromagnetic radiation, in particular the coupling of multi-level atoms
to coherent light fields, as it is crucial for the implementation of atom interferometric beam
splitters. Chapter 2 discusses in detail the different aspects of using Bose-condensed sources
for precision measurements, focussing on the flux, the momentum width and the density
distribution. Where necessary, we point out and quantify advantages and disadvantages as
compared to thermal atomic sources. While the source of an interferometer defines the initial
stage of every precision measurement, the final stage is comprised of the detection and readout
of the atomic signal. It is crucial to have a both precise and accurate detection scheme. We
shall discuss the optimisation of absorption imaging based detection in chapter 3. Following
the discussion of our detection scheme, experimental results on atom interferometry with
Bose-condensed 87Rb atoms are presented in chapter 4, as the major achievement of this
thesis. We apply an internal state Ramsey interferometry scheme on the atomic clock transition,
mainly using a freely propagating atom laser. A passively stable two-photon coupling scheme
is realised, leading to quantum projection noise limited performance of the interferometric
beam splitters. After a study of the influence of different noise sources on the interferometric
output signal, we will present results on the pumping of an 87Rb Bose-Einstein condensate in
chapter 5. The pumping mechanism presented is an important step towards a continuous atom
laser with intriguing applications in precision measurements. Finally, we shall demonstrate
the use of 87Rb Bose-Einstein condensates to probe atomic potentials in chapter 6. After a
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detailed discussion of singlet and triplet scattering potentials, we present results on an atom
laser used as a probe for a second Bose-Einstein condensate. We perform a proof-of-principle
measurement of the scattering length between the two specific atomic states involved in the
process. In addition, we use a 85Rb condensate to make a measurement of three-body loss
coefficients at different scattering lengths. We conclude with a summary of the major results of
this thesis and an outlook to promising future experiments.
The thesis at hand is mainly written in the first person plural. The pronoun “we” instead
of “I” is used for reasons of consistency, and the research presented is the original work of the
author unless otherwise stated in the text.
Chapter 1
Atoms in electromagnetic fields
A necessary constituent of every atom interferometer is a mechanism to split, reflect and
recombine the particles in the device. To implement such a mechanism, most modern atom
interferometers rely on the coherent interaction of electromagnetic radiation with atoms, in
particular when the internal atomic level structure can be reduced to a two-level system. In
close analogy with optical interferometers, atoms propagate along two interferometer paths
before they interfere at the final beamsplitter. The internal and external (motional) atomic
states are controlled by the coherent interaction with electromagnetic fields.
The interaction of electromagnetic radiation and matter is an enormously important
field not only in atom interferometry but in various other areas of modern physics [42];
fundamental experimental and theoretical investigations have allowed the achievement of
both the manipulation of light fields via their interaction with matter and a precise control
of atomic motional and internal states via radiative interactions. The mutual control of
electromagnetic radiation and matter has led to the development of many theoretical and
experimental techniques now used as standard tools in physics laboratories. A striking example
is laser cooling of atoms [43, 44, 45, 46, 47], which has led to the motional control of atoms at
the single particle level and — in combination with sophisticated trapping techniques [43, 48]
and the coherent control of motional and internal states [49, 50, 51, 52] — has paved the
way for intriguing fundamental experiments as well as applications in the field of precision
measurement. In this chapter, we shall give an introduction to the theoretical techniques
and formalisms essential to the results presented in later chapters. The focus will be on
atoms coherently interacting with light fields and the application of such interactions to atom
interferometry. An introduction to cooling and trapping techniques will be omitted; the reader
is pointed to the extensive literature on this subject (see [43] for an overview).
1.1 Two-level atom
The simplest version of an atom interferometer uses a beam splitter to split atoms into two
paths, along which they propagate before being recombined at the interferometer output.
The two paths are different in their internal and/or motional atomic state and can be readily
described by an atomic two-level system. The notion of a two-level system interacting with a
single-frequency light field is a widespread basis for models of the interaction of atoms with
laser radiation. The level structure of alkali atoms in particular is sufficiently simple such that
one can often find or construct situations in which a two-level description is adequate. In many
other cases, it is possible to reduce a multi-level system to an effective two-level system and
significantly simplify the mathematical description of the processes involved.
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1.1.1 Pseudo-spin description
The single particle quantum mechanical state of a two-level system with states |a〉 and |b〉 can
be described by a state vector
|ψ(t)〉= ca(t) |a〉+ cb(t) |b〉 , (1.1)
where ca(t) and cb(t) are time-dependent complex amplitudes fulfilling |ca(t)|2 + |cb(t)|2 = 1.
All coherent operations in a two-state interferometer can be expressed as transformations of
the state vector |ψ(t)〉. The mathematical description of such a two-level system is equivalent
to a spin-12 particle, and it is in fact convenient to define the pseudo-spin vector sˆ via
sˆx =
1
2
(|b〉 〈a|+ |a〉 〈b|)
sˆ y =
i
2
(|b〉 〈a|− |a〉 〈b|)
sˆz =
1
2
(|b〉 〈b|− |a〉 〈a|) .
(1.2)
The notation of equation (1.2) is equivalent to using the Pauli spin matrices σˆi [53]. In the
basis of the two states |a〉 and |b〉, we have sˆ = σˆ/2. The benefit of the pseudo-spin notation is
mainly based on illustrative reasons. In an appropriately rotating frame (see section 1.2), the
Bloch vector uˆ = 2sˆ gives a convenient illustration of the population and phase of a two-level
system, in particular when coupled to a monochromatic field of electromagnetic radiation
as in a standard atom interferometric beam splitter. For multiple independent particles, the
pseudo-spin Sˆ =
￿
i sˆ i is the equivalent description of the multi-particle state |Ψ〉=￿i |ψ〉i.
The two complex amplitudes ca(t) and cb(t) in combination with the normalisation condition
leave three free parameters. One of the three parameters is a global phase that does not need
to be considered here. The remaining two parameters unambiguously define the position of
the Bloch vector uˆ on the Bloch sphere, for example via the z-component uz and the azimuthal
phase φ. For more information on the Bloch sphere description, the reader is referred to the
literature [43, 54, 55].
The atom interferometers considered in this thesis are based on the manipulation of
effective two-level systems, and the pseudo-spin description is indispensable. It facilitates the
analysis of an atom’s evolution during the beam splitting and the free evolution phase, given
by rotations around particular axes on the Bloch sphere. For a general rotation, the vector
(ca, cb) is transformed to ￿
c￿a
c￿b
￿
= Rˆ
￿
ca
cb
￿
, (1.3)
where the rotation operator is defined through the Pauli spin matrices, Rˆ= eiσˆ·α. An arbitrary
rotation axis and angle are defined by α = (αx ,αy ,αz). The free evolution between the beam
splitters of an atom interferometer corresponds to the case of αx = αy = 0, a rotation about
the z-axis of the Bloch sphere by an angle αz, described by the Pauli spin matrix σˆz. During
the beam splitting phase, the atom is coupled to a driving field, effecting a rotation about an
axis in the x-y-plane for a resonant driving field. The exact axis of rotation during the beam
splitting process depends on the phase of the driving field. Using the pseudo-spin description,
general interferometer sequences composed of multiple coupling and free propagation phases
can be readily described by subsequent applications of the rotation operator Rˆ.
1.1 Two-level atom 13
6[
6]
6\
F
%ORFKYHFWRU
6[
6]
6\
S
6]
6[
6]
6\
D E F
S
6]
Figure 1.1: Bloch sphere illustration of an ensemble of two-level atoms. (a) An arbitrary Bloch vector is
quantified by its z-projection and the azimuthal angle φ. (b) A quantum projection noise limited state
in the equatorial plane of the Bloch sphere, with uncertainty σSz in the pseudo-spin z-component. (c)
The uncertainty can be reduced by using correlated (squeezed) states.
1.1.2 Quantum projection noise
Following the coupling and free propagation phases in a two-level atom interferometer, the
detection stage measures the population in two output ports. The population measurement
is subject to noise that needs to be taken into account. The measured atom number at the
interferometer output is a discrete variable and is subject to random fluctuations. When
particles are produced randomly, the fluctuations typically correspond to a Poissonian statistical
distribution, yielding a variance of σ2 = N for a measurement of N particles. In quantum
and atom optics, the Poissonian distribution corresponds to a coherent state of the photon
or atom field, and the fluctuations are commonly known as photon or atom shot noise.
The measurement of the population in a two-level system is essentially subject to the same
fluctuations. If an atom is in an equal superposition of the two states |a〉 and |b〉, the outcome
of a measurement of the population is equivalent to a coin toss, and a measurement of the
population in an ensemble of N independent atoms will have a variance σ2 ∝ N , even when
the overall number N is perfectly known. This is known as quantum projection noise. The
readout of an atom interferometer usually relies on a detection of the atomic population in each
output port, and it is essential to understand and minimise the effect of quantum projection
noise on the interferometer output.
For a more quantitative description, we consider p, the probability of an atom being
measured in state |b〉. p = |cb|2 is given by the expectation value of the projection operator
P ≡ |b〉 〈b|. As a projection operator, Pˆ has the property Pˆ2 = Pˆ. For a single atom, the variance
in the measured projection is calculated to [56]
σ2p ≡
￿
(Pˆ − 〈Pˆ〉)2￿= 〈Pˆ2〉 − 〈Pˆ〉2 = p(1− p). (1.4)
In the case of an ensemble of N independent atoms, the variance is calculated by combining the
uncertainties according to a binomial distribution [57]. As discussed in [56], the probability of
measuring Nb atoms in state |b〉 is given by
PNb
￿
Nb,N , p
￿
=
N !
Nb!(N − Nb)! p
Nb(1− p)N−Nb , (1.5)
and the variance in measured number Nb is σ2Nb = Np(1− p). The variance in the z-component
of the pseudo-spin equates to the same value, σ2Sz = Np(1− p). This is known as the quantum
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projection noise limit and is the lowest uncertainty that can be achieved in such a measurement
when using uncorrelated particles. In practice, the measured quantity is not the absolute
number Nb but the relative probability p = Nb/N , i.e. the number of atoms in state |b〉
normalised to the total atom number N . This leads to a variance
σ2p =
p(1− p)
N
. (1.6)
The variance σ2p vanishes if the complete population is either in state |a〉 or in state |b〉, for
p = 0 or p = 1. As will be explained later, the case of p = 1/2 is crucial for the analysis of
atom interferometric signals. One commonly measures the interferometer output at a relative
phase leading to equal populations in both output states (p = 1/2), and the variance becomes
σ2p = 1/4N . For typical atom numbers used in the context of this thesis (N = 10
4–106), the
quantum projection noise limited uncertainty lies between σp = 5× 10−3 and σp = 5× 10−4.
The corresponding phase sensitivity in a Ramsey interferometer is in the range of 5× 10−3 to
5× 10−4 radians.
1.1.3 Reduced quantum uncertainty states
The results presented above are valid when considering an ensemble of independent atoms
in an interferometer. Using a correlated quantum many-body state can dramatically alter the
variance, and employing so-called reduced quantum uncertainty (squeezed) states has been
a research area of increasing importance during the recent years [31, 32]. Using squeezed
states in an interferometer can decrease the variance on the output signal and improve the
interferometric sensitivity. The quantity that is of importance in this respect is the variance
in the pseudo-spin Sˆ of the ensemble of atoms used in the measurement. The amount of
(metrologically relevant) squeezing is commonly quantified by the coherent spin squeezing
factor [58, 59]
ξ2s = N
σ2Sz
〈Sˆx〉2 + 〈Sˆy〉2 . (1.7)
A spin squeezed state is characterised by ξ2s < 1. Different schemes for achieving this goal
have been proposed and realised. The most promising routes so far seem to be squeezing via
quantum non-demolition measurements [60, 61, 62, 63] and interaction-induced squeezing in
high density atomic samples [31, 32, 59]. Bose-condensed sources are a promising candidate
for the implementation of squeezing schemes, and this thesis investigates their applicability for
atom interferometry.
1.2 Coherent radiative interactions
Coherent radiative interactions are the mechanism responsible for beam splitting in light-based
atom interferometers. A quantitative understanding of the coupling of atoms to light fields is
crucial to predict and analyse the interferometric beam splitter performance. We shall describe
in detail the interaction of two- and multi-level systems with coherent radiation in this section.
Following the discussion of a two-level atom coupled to a single-frequency light field, we will
analyse the case of Raman transitions in multi-level atoms, considering the realistic case of
an ensemble of excited states. Finally, we include an ab initio calculation of light shifts and
two-photon scattering rates, which are important for interferometric beam splitters and dipole
traps.
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1.2.1 Coupling two levels
We use the same notation as in the previous section and consider a two-level atom in the
state |ψ(t)〉= ca(t)|a〉+ cb(t)|b〉 interacting with a coherent light field of frequency ω. The
description of the interaction will be semi-classical, taking into account the quantised nature
of the atomic level structure while treating the electromagnetic field as a classical wave. The
Hamiltonian describing the interaction (neglecting spontaneous emission) is
Hˆ = ħhωa |a〉 〈a|+ħhωb |b〉 〈b|− dˆ · E(t). (1.8)
The energies of the atomic states are given by ħhωa and ħhωb (see figure 1.2), and the electric
dipole interaction term −dˆ · E(t) includes the electric field E(t) = 12
￿
E0ei(ωt+φ) + c.c.
￿
. The
dipole operator is defined by dˆ = −e rˆ . The most obvious way to calculate the time evolution
of the state |ψ〉 is using the Schrödinger equation iħh|ψ˙〉 = Hˆ|ψ〉 to determine the equations of
motion for the coefficients ca(t) and cb(t). A probably more elegant route is to transform into
the interaction picture, writing Hˆ = Hˆ0 + Hˆint with
Hˆ0 =
￿
ħhωa +
ħhδ
2
￿
|a〉 〈a|+
￿
ħhωb − ħhδ2
￿
|b〉 〈b| (1.9)
and
Hˆint =
ħhδ
2
(|b〉 〈b|− |a〉 〈a|) + ħh
2
￿
Ωabei(ωt+φ) +Ω∗bae−i(ωt+φ)
￿ |a〉 〈b|
+
ħh
2
￿
Ωbaei(ωt+φ) +Ω∗abe−i(ωt+φ)
￿ |b〉 〈a| , (1.10)
where δ =ωab−ω is the detuning of the light field from the atomic resonance ωab =ωb−ωa.
We introduce the Rabi frequency via ħhΩab ≡ 〈a|− dˆ · E0|b〉. The Rabi frequency is assumed to
be real, Ωab = Ω∗ab, as the complex phase of a non-real Rabi frequency can always be absorbed
in the phase φ of the driving field. Typical Rabi frequencies in interferometric beam splitters
are in the kHz to MHz regime, corresponding to beam splitter durations in the µs to ns range.
For the choice of Hˆ0 in equation (1.9), a transformation into the interaction picture is
equivalent to transforming into a frame rotating at the driving frequency ω. The atomic state
|ψ〉 transforms to |ψI 〉 = eiHˆ0 t/ħh|ψ〉. The transformation causes ca(t) and cb(t) to be modified
by a time-varying phase term; their amplitudes remain unchanged. The equation of motion for
the transformed state is iħh|ψ˙I 〉= HˆI |ψI 〉, with HˆI = eiHˆ0 t/ħhHˆinte−iHˆ0 t/ħh. We obtain
HˆI =
ħhδ
2
(|b〉 〈b|− |a〉 〈a|) + ħh
2
￿
Ωabeiφ +Ωbae−i(2ωt+φ)
￿ |a〉 〈b|
+
ħh
2
￿
Ωbaei(2ωt+φ) +Ωabe−iφ
￿ |b〉 〈a| . (1.11)
The terms proportional to e±2iωt can be neglected under the rotating wave approximation
(given 2ω￿ |δ|), as the time evolution is much faster than the Rabi frequency and averages
out. We obtain the equation of motion for |ψI(t)〉= ca,I(t)|a〉+ cb,I(t)|b〉:
iħh
￿
c˙a,I
c˙b,I
￿
=
ħh
2
￿ −δ Ωabeiφ
Ωabe−iφ δ
￿￿
ca,I
cb,I
￿
≡ HˆI
￿
ca,I
cb,I
￿
. (1.12)
Equation (1.12) describes the time evolution of a two-level system under the influence of
a a single-frequency driving field. For a consideration of energy shifts, it is instructive to
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Figure 1.2: Level schemes (not to scale) for (a) two-level and (b) Raman or Bragg multi-level coupling.
The one-photon detunings ∆i in (b) are typically large enough to neglect population of the excited
states |ei〉.
write down the eigenvalues of the interaction Hamiltonian HˆI . They are given by λ± = ±ħhΩ2 ,
where Ω ≡ ￿Ω2ab +δ2 is the effective Rabi frequency for arbitrary detuning δ. The corre-
sponding eigenstates are the dressed states [64], commonly expressed in terms of θ , where
tanθ = Ωab/δ, ￿￿λ+￿= sin θ2 ei φ2 |a〉+ cos θ2 e−i φ2 |b〉￿￿λ−￿= cos θ2 ei φ2 |a〉 − sin θ2 e−i φ2 |b〉 . (1.13)
The coefficients can alternatively be expressed as sin2(θ/2) = Ω2ab/[(Ω+δ)
2 +Ω2ab] and
cos2(θ/2) = Ω2ab/[(Ω−δ)2 +Ω2ab]. In the limit of large detuning, δ￿ Ωab, the eigenstates of
HˆI are identical to the original states up to a phase factor, |λ+〉 δ→∞−−−→ |b〉 and |λ−〉 δ→∞−−−→ |a〉.
The eigenvalues determine the energies in the interaction picture and are in the limit of large
detuning given by
λ± ￿ ±
￿
ħhδ
2
+
ħhΩ2ab
4δ
￿
. (1.14)
The second term in equation (1.14) is of particular interest as it gives the ac-Stark shift (or
light shift) on the atomic levels. The ground state |a〉 is shifted in energy by ħhΩ2ab/4δ, allowing
the trapping of atoms in optical dipole potentials formed by far detuned laser beams. In the
case of two-level interferometric beam splitters, the detuning δ is generally smaller than the
Rabi frequency, and the energy of the dressed states is calculated from the full expression for
the eigenvalues, λ± = ±ħh2
￿
Ω2ab +δ
2. A more detailed discussion of light shifts involving more
than two atomic levels will be given in section 1.2.3.
1.2.2 Raman and Bragg transitions in multi-level atoms
The two states |a〉 and |b〉 coupled in interferometric beam splitters are commonly the hyperfine
ground states of alkali atoms. Their energy difference lies in the microwave regime, and the
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absorption or emission of a microwave photon does not significantly change the momentum
of the atom. Two-photon transitions in multi-level atoms enable a considerably larger mo-
mentum transfer in atom interferometric beam splitters, which is indispensable for precision
measurements of inertial effects. In the case of 87Rb, the increase in momentum transfer when
coupling the same hyperfine ground states with a one-photon microwave or a two-photon
(counter-propagating) optical Raman or Bragg transition using the D2-line is a factor of 105. In
our derivation, we will consider the case of two states |a〉 and |b〉 coupled by a two-photon
Raman or Bragg transition via an ensemble of excited states |ei〉. The treatment is in analogy
with the above analysis of a two-level system. In addition to the atomic level energies and
coupling terms, we will include a kinetic energy term in the Hamiltonian. We want to illustrate
the effect of photon momentum transfer on the resonance conditions. As an example, we
shall consider later the special case of a two-photon momentum transfer. The case of Raman
transitions without momentum transfer can be obtained in a straightforward way by erasing
all momentum related terms in the following derivation.
The state is written as |ψ(t)〉= ca(t)|a〉+ cb(t)|b〉+￿i cei (t)|ei〉. The notation of the
atomic state does not include the momentum explicitly, as for reasons of simplicity we have
defined |a〉 ≡ |a, pa〉, |b〉 ≡ |b, p b〉 and |ei〉 ≡ |ei , p ei 〉. The Schrödinger picture Hamiltonian is
Hˆ =
pˆ2
2m
+ħhωa |a〉 〈a|+ħhωb |b〉 〈b|+
￿
i
ħhωei |ei〉〈ei |− dˆ · E(t). (1.15)
The electric field E(t) contains two frequencies ω1 and ω2, which are chosen to couple the
states |a〉 and |b〉 to the excited state manifold of the states |ei〉. The field is written as
E(t) = 12[E10e
i(ω1 t+φ1) + c.c.] + 12[E20e
i(ω2 t+φ2) + c.c.]. We transform into the interaction
picture, with
Hˆ0 =
￿
ħhωa +
ħhδ
2
+
p2a + p
2
b
4m
￿
|a〉 〈a|+
￿
ħhωb − ħhδ2 +
p2a + p
2
b
4m
￿
|b〉 〈b|
+
￿
i
￿
ħhωei −ħh∆i +
p2a + p
2
b
4m
￿
|ei〉〈ei |
(1.16)
and
Hˆint =
ħhδp
2
(|b〉 〈b|− |a〉 〈a|) +￿
i
ħh∆p,i |ei〉〈ei |
+
ħh
2
￿
i
￿
Ω(1)ei ae
i(ω1 t+φ1) +Ω(1)aei e
−i(ω1 t+φ1) +Ω(2)ei ae
i(ω2 t+φ2) +Ω(2)aei e
−i(ω2 t+φ2)
￿ |ei〉 〈a|
+
ħh
2
￿
i
￿
Ω(1)aei e
i(ω1 t+φ1) +Ω(1)ei ae
−i(ω1 t+φ1) +Ω(2)aei e
i(ω2 t+φ2) +Ω(2)ei ae
−i(ω2 t+φ2)
￿ |a〉 〈ei |
+
ħh
2
￿
i
￿
Ω(1)ei be
i(ω1 t+φ1) +Ω(1)bei e
−i(ω1 t+φ1) +Ω(2)ei be
i(ω2 t+φ2) +Ω(2)bei e
−i(ω2 t+φ2)
￿ |ei〉 〈b|
+
ħh
2
￿
i
￿
Ω(1)bei e
i(ω1 t+φ1) +Ω(1)ei be
−i(ω1 t+φ1) +Ω(2)bei e
i(ω2 t+φ2) +Ω(2)ei be
−i(ω2 t+φ2)
￿ |b〉 〈ei |.
(1.17)
The Rabi frequencies are defined as in the previous section, with the only difference that
for example Ω(1)aei describes the coupling quantified by the field amplitude E10 only. δ
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and ∆i are the bare two- and one-photon detunings respectively, see figure 1.2. We de-
fine the corresponding momentum dependent detunings as ħhδp = ħhδ+ (p2b − p2a)/4m and
ħh∆p,i = ħh∆i + (2p2ei − p2a − p2b)/4m. In equation (1.17), we have left out all terms directly
coupling states |a〉 and |b〉 or different states within the excited state manifold. Such terms
contain fast oscillating terms when transforming to the interaction picture and can be neglected
under similar assumptions as in the rotating wave approximation. This is due to the coupling
frequencies ω1 and ω2 being chosen such that they couple the states |a〉 and |b〉 via the
excited state manifold. The underlying assumptions are ω1,ω2 ￿ ωab,ωei e j , where ωei e j is
the difference frequency between two excited states |ei〉 and |ej〉. Many of the remaining
terms in equation (1.17) can be neglected under the rotating wave approximation when
transforming to the interaction picture. The interaction picture Hamiltonian is calculated via
HˆI = eiHˆ0 t/ħhHˆinte−iHˆ0 t/ħh, and we obtain
HˆI =
ħhδp
2
(|b〉 〈b|− |a〉 〈a|) +￿
i
ħh∆p,i |ei〉〈ei |
+
ħh
2
￿
i
￿
Ai |ei〉 〈a|+ A∗i |a〉 〈ei |+ Bi
￿￿ei￿ 〈b|+ B∗i |b〉 〈ei |￿ , (1.18)
where we have defined
Ai = Ω(1)aei e
−iφ1 +Ω(2)aei e
−iφ2+iω12 t and Bi = Ω(1)bei e
−iφ1−iω12 t +Ω(2)bei e
−iφ2 . (1.19)
In equation (1.18), the rotating wave approximation has already been applied. The frequency
ω12 is defined as ω12 ≡ω1−ω2. When the level spacing of the two coupled ground states is
significantly larger than the two-photon Rabi frequency (defined below), all terms in equation
(1.18) proportional to e±iω12 t can be neglected, as they average to zero over the cycle of one
Rabi period. For Raman coupling, two different internal states are coupled and the internal
level spacing is in most cases sufficiently larger than the two-photon Rabi frequency. In the
case of Bragg coupling, the coupled internal states are the same and only differ in kinetic
energy, typically corresponding to frequencies in the kHz range. It is not unusual for the Rabi
frequency to reach values of the order of the level splitting, and for Bragg transitions, the terms
proportional to e±iω12 t cannot be neglected in the derivation.
The time evolution of the atomic state in the interaction picture is described by iħh|ψ˙I 〉=
HˆI |ψ〉 and can be expressed in matrix form with the coefficients ca,I , cb,I and cei ,I , similar
to equation (1.12). The rather lengthy expression will not be explicitly written down here.
In an experiment involving Raman or Bragg coupling, one generally chooses the detunings
∆i sufficiently large to neglect the population of the excited states. In that case, we can
adiabatically eliminate the excited state by setting c˙ei ,I = 0 for all i. The equations of motion
reduce to a system of two coupled equations for ca,I and cb,I — an effective two-level system.
We obtain
iħh
￿
c˙a,I
c˙b,I
￿
=
ħh
2
−δp −
￿
i
|Ai |2
2∆p,i
−￿
i
A∗i Bi
2∆p,i
−￿
i
AiB∗i
2∆p,i
δp −￿
i
|Bi |2
2∆p,i
￿ca,Icb,I
￿
. (1.20)
Equation (1.20) differs from the simple two-level case in that Ai and Bi are time dependent,
and the solution to the equations of motion is more complex. The beam splitters discussed
in chapter 4 of this thesis are solely based on Raman transitions. When we assume Raman
coupling with sufficient level spacing, we can omit all terms containing the time dependence
through ω12. In this case, the equations of motion become
iħh
￿
c˙a,I
c˙b,I
￿
=
ħh
2
￿−δp +δac,a Ωabeiφ12
Ωabe−iφ12 δp +δac,b
￿￿
ca,I
cb,I
￿
. (1.21)
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We have defined the two-photon Rabi frequency Ωab = −￿i Ω(1)aeiΩ(2)bei/2∆p,i , the relative phase
φ12 = φ1−φ2 and the ac-Stark shifts δac,a = −￿i[Ω(1)aei]2/2∆p,i and δac,b = −￿i[Ω(2)bei]2/2∆p,i .
The minus signs in the Rabi frequency and the ac-Stark shift are due to the way the detunings
∆i are defined. To make equation (1.21) fully equivalent to the two-level case, we shift the
zero of energy by the negative of the average ac-Stark shift and get
t iħh
￿
c˙a,I
c˙b,I
￿
=
ħh
2
￿ −δeff Ωabeiφ12
Ωabe−iφ12 δeff
￿￿
ca,I
cb,I
￿
, (1.22)
with δeff = δp+(δac,b−δac,a)/2. The multi-level problem can hence under the right approxima-
tions be treated in exact analogy to the two-level system. The modified detuning δeff contains
both the effects of momentum changes and ac-Stark shifts. The important Rabi frequency is the
two-photon Rabi frequency, and the relevant phase is the difference phase φ12 between the two
laser fields. For counter-propagating laser fields, we have p b = pa + 2ħhk, with k = k1 ￿ −k2.
The momentum dependent two-photon detuning becomes δp = δ+ (2pa · k + 2ħhk2)/m. To
operate on two-photon resonance, one has to choose the two-photon detuning δ such that
it cancels both the shift caused by momentum and the ac-Stark shifts, yielding δeff = 0. In
the case of a beam splitter for 87Rb atoms with zero initial velocity, a wavelength of 780nm
and counter-propagating laser beams, we obtain a momentum caused shift of the two-photon
detuning δ of 15kHz, which is of the order of typical Rabi frequencies and clearly needs to
be compensated for. The effect of the ac-Stark shift on the effective two-photon detuning δeff
depends on the difference between the one-photon Rabi frequencies Ω(1)aei and Ω
(2)
bei
. Adjusting
the strengths of the two driving fields is crucial and can reduce the relative ac-Stark shift to a
minimum.
An important feature of the two-photon Rabi frequency Ωab = −￿i Ω(1)aeiΩ(2)bei/2∆p,i is that
it comprises the sum over multiple two-photon Rabi frequencies Ωab,i. Each Rabi frequency
Ωab,i couples to one particular excited state |ei〉. Depending on the two coupled atomic states|a〉 and |b〉 and the laser polarisations, the Ωab,i can interfere destructively, yielding Ωab = 0
and effectively turning off the coupling. Such interferences set a limit to which combinations
of internal states are suitable to be efficiently coupled with a given set of laser frequencies and
polarisations in an interferometric beam splitter.
1.2.3 ac-Stark shifts
The discussion of Raman and Bragg transitions in the previous section pointed out that ac-Stark
shifts have to be compensated for by adjusting the two-photon detuning and/or the light field
amplitudes, in order to operate an interferometric beam splitter on two-photon resonance. No
light source is perfectly stable, and fluctuations in the amplitude and the ac-Stark shift can be
a dominant noise source for interferometric beam splitters. We shall give a detailed description
of the ac-Stark shift of an atomic two-level system induced by an off-resonant light field. In
the previous two sections discussing the coupling of two- and multi-level systems, the ac-Stark
shifts were obtained as a byproduct. We will here intensify the analysis in close analogy to
[65], setting the focus on a detailed calculation of matrix transition elements and deriving an
expression for the ac-Stark shift of an arbitrary atomic level. We consider an atom in state |a〉,
interacting with a light field E(t) = 12(E0e
iωt + c.c.). In general, there are contributions to the
energy shift of the level |a〉 due to several other states |b〉, and the contributions of several
two-level systems need to be added up to give the overall ac-Stark shift of the state |a〉. As in
the previous sections, we use a semi-classical description. The ac-Stark shift can be calculated
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via second-order time dependent perturbation theory [53] under the dipole approximation to
∆Ea(q;ω) =
1
4
sgn(ωab)
￿
b
￿ |〈b|dˆ · E0|a〉|2
ħh(ω−ωab) +
|〈b|dˆ · E∗0|a〉|2
ħh(ω+ωab)
￿
. (1.23)
As above, dˆ = −e rˆ is the electric dipole operator and ωab =ωb −ωa the difference frequency
between the states |a〉 and |b〉. The sign function sgn(ωab) in front of the sum depends on
whether the state |a〉 is coupled to an energetically higher or lower energy level. In principle,
one needs to consider all possible states |b〉 in the sum of equation (1.23). In practice, it
is sufficient to consider only those transitions that are closest to the laser frequency, as the
corresponding terms give the largest contributions to the ac-Stark shift.
The electric field amplitude can be decomposed into polarisation vector ￿q and modulus
E0, E0 = ￿qE0. Using this decomposition and considering all relevant quantum numbers, we
get for the energy shift of state |a〉
∆Ea(q;ω) =
E20
4
sgn(ωab)×￿
n￿, j￿, f ￿,m￿f
￿ |〈n￿ j￿ f ￿m￿f |e rˆ · ￿q|n j f mf 〉|2
ħh(ω−ωab) +
|〈n￿ j￿ f ￿m￿f |e rˆ · ￿∗q|n j f mf 〉|2
ħh(ω+ωab)
￿
.
(1.24)
The dashed (undashed) quantum number refer to the state |b〉 (|a〉). For 87Rb, which is
considered in this thesis, i = i￿ = 3/2, and the nuclear spin quantum numbers i and i￿ are
not explicitly mentioned in the notation. When interpreting equation (1.24), one needs to
distinguish whether state |b〉 lies energetically higher or lower than state |a〉:
ωb >ωa: In this case, ωab is positive and the second term in the sum of equation (1.24) can
be neglected when the rotating wave approximation
￿￿ω−ωab￿￿￿ωab is fulfilled.
ωa >ωb: If the energy of state |b〉 is lower than the energy of state |a〉, ωab becomes negative.
The rotating wave approximation needs to be adjusted accordingly and requires in
this case
￿￿ω+ωab￿￿ ￿ ωab. Under this approximation, the first term in the sum of
equation (1.24) can be neglected. For reasons of simplicity, we will only consider the
caseωb >ωa in the following discussion. The caseωa >ωb follows in a straightforward
way by making the necessary replacements.
Using the Wigner-Eckart theorem [66] the matrix element in equation (1.24) can be decom-
posed into the product of a Clebsch-Gordan coefficient (or Wigner 3j-symbol) and a reduced
matrix element:￿
j f mf |e rˆ · ￿q| j￿ f ￿m￿f
￿
=
￿
j f mf |erˆq| j￿ f ￿m￿f
￿
= (−1) f ￿+mf −1￿2 f + 1￿ f ￿ 1 fm￿f q −mf
￿
× ￿ f ||e rˆ || f ￿￿ . (1.25)
The reduced matrix element
￿
f ￿||e rˆ || f ￿ can be further reduced using the Wigner 6j-symbols,
and we obtain￿
f ||e rˆ || f ￿￿= (−1) j+i+ f ￿+1￿(2 f ￿+ 1)(2 j + 1)￿ j j￿ 1f ￿ f I
￿
× ￿ j||e rˆ || j￿￿ . (1.26)
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The advantage of this procedure is that for any fine structure transition j → j￿ one needs
to know not more than one measured variable, the reduced matrix element
￿
j||e rˆ || j￿￿. The
reduced matrix element is related to the linewidth of the corresponding transition via
Γ=
|ωab|3
3π￿0ħhc3
2 j + 1
2 j￿+ 1
￿￿￿ j||e rˆ || j￿￿￿￿2 . (1.27)
The Wigner 3j- and 6j-symbols take account of the different coupling strengths between the
Zeeman sublevels of the hyperfine structure. Experimentally determined values of the reduced
matrix elements
￿
j||e rˆ || j￿￿ can be found in [67]. Substituting equations (1.25) and (1.26) in
equation (1.24) gives the final (approximate) formula for the energy shift of state |a〉 under
the influence of an external electromagnetic field of frequency ω:
∆Ea(q;ω) =
E20
4
· (2 f + 1) ￿
j￿, f ￿,m￿f
1
ħh￿ω−ωab￿(2 f ￿+ 1)(2 j + 1)
× ￿￿￿ j||e rˆ || j￿￿￿￿2￿ f 1 f ￿mf q −m￿f
￿2￿
j￿ j 1
f f ￿ I
￿2
.
(1.28)
Sometimes the oscillator strength f j j￿ is used instead of the reduced matrix element
￿
j||e rˆ || j￿￿
to characterise the strength of an atomic transition. The oscillator strength and the reduced
matrix element are related via
f j j￿ =
2me
￿￿ωab￿￿
3e2ħh
￿￿￿ j||e rˆ || j￿￿￿￿2 . (1.29)
The above derivation enables a straightforward calculation of ac-Stark shifts with multiple
excited states for an analysis of dipole trapping potentials and the influence of light-based
noise sources on interferometric beam splitters.
1.2.4 Scattering rates
Beyond the transfer of ac-Stark shift fluctuations to the noise of an interferometric beam splitter,
there is the possibility of photon scattering events downgrading its performance. Furthermore,
the knowledge of elastic and inelastic scattering rates is crucial when considering coherence
times of atomic samples in dipole traps. We will present a discussion of scattering rates for
large detunings, where the scattering event is essentially a two-photon process. The absorption
of a photon is followed by a (spontaneous) emission event, leaving the atom in a ground state
that can well be different from and have a different phase than the original one. As in the
previous section, we perform the scattering rate calculations semi-classically and using the
dipole approximation, on the basis of the derivations in [65]. Applying the Kramers-Heisenberg
formula, the scattering rate is calculated to be [68]
Γsc =
￿
ksc,qsc
πωsc I
2ε20ħh3cV
×￿￿￿￿￿ e
￿〈af|e rˆ · εqsc |e〉〈e|e rˆ · εq|ai〉
ωe −ω +
〈af|e rˆ · εq|e〉〈e|a rˆ · εqsc |ai〉
ωe +ωsc
￿￿￿￿￿￿
2
δ(ω−ωsc−ωf).
(1.30)
Equation (1.30) describes the scattering of a photon with frequency ω and polarisation q off
an atom in the initial ground state |ai〉 with energy ħhωi = 0. The absorption of the photon
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with frequency ω is followed by the emission of a photon with frequency ωsc, wave vector
ksc and polarisation qsc, leaving the atom in the final ground state |af 〉 with energy ħhω f .
Equation (1.30) contains a sum over all contributing excited states |e〉. The second term in the
sum corresponds to a reversed order of the emission and absorption processes and is strongly
suppressed for detunings chosen such that |ωe −ω|￿ωe +ωsc. This limit is equivalent to the
rotating wave approximation, and we shall omit the second term in the sum of equation (1.30)
in the following analysis. We will concentrate on the special case of 87Rb and only consider
contributions to the scattering rate due to the first two excited state manifolds, 52P1/2 and
52P3/2.
The scattered photon is emitted into a continuum of modes, and we can transform the sum
over the wave vectors ksc in equation (1.30) into an integration:￿
ksc
→ V
(2π)3
￿ ￿
ω2sc
c3
dωsc dΩ . (1.31)
Evaluating the integral and summing over the polarisations qsc of the scattered photon, one
obtains
Γsc =
I
6πε20ħh3c4
￿
af
(ω−ωf)3×￿￿￿￿￿￿￿￿
￿
e,qsc
J ￿=1/2
〈af|e rˆ · εqsc |e〉〈e|e rˆ · εq|ai〉
ωeai −ω +
￿
e,qsc
J ￿=3/2
〈af|e rˆ · εqsc |e〉〈e|e rˆ · εq|ai〉
ωeai −ω
￿￿￿￿￿￿￿￿
2
,
(1.32)
where ħhωeai = ħh(ωe −ωi) = ħhωe is the energy difference between states |ai〉 and |e〉. The
matrix elements can be calculated as in the previous section. To get a more illustrative form of
equation (1.32), we neglect the excited state hyperfine splitting and assume the same detuning
for all terms in the sums:
Γsc =
I
6πε20ħh3c4
￿
af
(ω−ωf)3
￿￿￿￿￿ A1/2∆1/2 + A3/2∆3/2
￿￿￿￿￿
2
(1.33)
with
AJ ￿ =
￿
e,qsc
J ￿
〈af|e rˆ · εqsc |e〉〈e|e rˆ · εq|ai〉. (1.34)
It is instructive to differentiate between elastic and inelastic scattering processes. The elastic
case is known as Rayleigh scattering, and the initial and final internal states of the atom, |ai〉
and |af 〉, are identical up to a phase factor. Raman scattering on the other hand describes
inelastic processes, where the atom changes its internal state during the scattering. The
frequencies of the absorbed and emitted photon can in this case be highly different. An
evaluation of the AJ ￿ in equation (1.34) gives different results for the elastic and the inelastic
case:
A3/2 ≈
￿
2A1/2 for Rayleigh scattering
−A1/2 for Raman scattering (1.35)
For a dipole trap whose frequency is detuned in the same direction with respect to both
the D1- and the D2-line, inelastic Raman scattering processes are hence suppressed. In an
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interferometric Raman or Bragg beam splitter, both Rayleigh and Raman scattering cause a
change in the atomic momentum due to the absorption and random emission of a photon,
reducing the addressability with subsequent coupling pulses. Furthermore, Rayleigh scattering
changes the phase and Raman scattering the internal state and the phase of the atom. For a
beam splitter with a one-photon detuning of 100GHz, the ratio of the overall scattering rate Γsc
to the two-photon Rabi frequency Ωab is of the order of 10−5. The number of atoms affected by
two-photon scattering in such a beam splitter is thus below the quantum projection noise limit
for atom numbers ￿ 1010 and can safely be neglected. The scattering rate scales linearly with
the detuning, and it is worthwhile keeping in mind that for smaller detunings the scattering
rate can have a more significant effect on the performance of an interferometric beam splitter.
1.3 Atom interferometry
Atom interferometry [1, 2] is the major focus of this thesis, and the interferometry experiments
presented in chapter 4 are without exception based on the method of separated oscillatory fields
introduced by Ramsey [38] in 1950. The method uses a sequence of optical pulses coupling an
atom to electromagnetic radiation and periods of free atomic propagation between the coupling
pulses. The coupling pulses form the beam splitters and mirrors of the interferometer, in analogy
to optical interferometers. A measurement of the atomic phase is performed by comparing it to
the local oscillator provided by the coupling field. In common atom interferometry schemes,
one measures the relative phase between two atomic states. Essentially, one of the states
provides a reference energy scale, with respect to which the phase evolution of the other state
is measured. The above derivations for the coupling of two- and multi-level atoms to light
fields are the necessary basis for a description of the performance of beam splitters and mirrors
in such an interferometer.
1.3.1 Time evolution
Knowing the exact time dependence of the amplitudes of the different atomic states is crucial
for the analysis of atom interferometers. We shall use the results of sections 1.2.1 and 1.2.2 to
describe the time evolution of a two-level system during the coupling and the free propagation
in an atom interferometer. Using equation (1.12), we will consider the temporal evolution of
the two states |a〉 and |b〉 in the interaction picture, under the influence of an external driving
field. The derivation can be translated to the case of Raman or Bragg transitions by making the
necessary replacements with the parameters in equation (1.20). We solve equation (1.12) for
the coefficients ca,I(t) and cb,I(t) and obtain
ca,I(t0 +τ) =
￿
cos(Ωτ/2) + i
δ
Ω
sin(Ωτ/2)
￿
ca,I(t0)− ieiφΩabΩ sin(Ωτ/2)cb,I(t0)
cb,I(t0 +τ) =− ie−iφΩabΩ sin(Ωτ/2)ca,I(t0) +
￿
cos(Ωτ/2)− i δ
Ω
sin(Ωτ/2)
￿
cb,I(t0),
(1.36)
with initial conditions ca,I(t0) and cb,I(t0). This is a general expression describing the ampli-
tudes of the states |a〉 and |b〉 in the interaction picture. It depends critically on the detuning δ
and the Rabi frequency Ω. We graph the temporal evolution of the population in the two states,
|ca,I(t)|2 and |cb,I(t)|2, in figure 1.3. A full population transfer is only achieved for vanishing
detuning, δ = 0. An increase in the detuning δ causes the amplitude of the oscillations to
decrease by a factor of Ω2ab/Ω
2 = Ω2ab/(Ω
2
ab+δ
2). Similarly, the Rabi frequency Ω increases, as
Ω2 = Ω2ab +δ
2.
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Figure 1.3: Rabi flop-
ping according to equa-
tion (1.36). We graph
the population in state
|b〉 when starting with an
atom in state |a〉 at time
t = 0. The Rabi frequency
is Ωab = 2π× 1kHz, and
the detuning equals (a)
δ = 0 (solid red curve),
(b) δ = 2Ωab/3 (long-
dashed blue curve) and
(c) δ = 2Ωab (black short-
dashed curve).
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A few special cases are of particular interest for atom interferometry. A standard interfer-
ometric 50/50 beam splitter corresponds to a π/2-pulse of coupling radiation, defined via
the condition Ωτ = π/2 and equivalent to a rotation by π/2 about an axis in the equatorial
plane of the Bloch sphere. Similarly, a mirror is defined by a π-pulse with Ωτ= π, effectively
interchanging the populations in state |a〉 and state |b〉. Finally, when no coupling field is
applied, the phase of the two states with respect to the local oscillator evolves according to the
detuning, without changing the respective populations. Equation (1.36) simply reads
ca,I(t0 +τ) =e
+i δτ2 ca,I(t0)
cb,I(t0 +τ) =e
−i δτ2 cb,I(t0).
(1.37)
The time evolution described by equation (1.36) is not valid when the parameters Ω, δ and φ
vary in time. For complicated time dependencies, one has to solve equation (1.12) numerically,
and we will not go into a more detailed discussion here.
1.3.2 Ramsey interferometry
When considering Ramsey interferometers, the Rabi frequency Ω is almost necessarily time-
dependent, as it needs to be turned on and off for the beam splitters. However, one can
use a constant Rabi frequency throughout each coupling pulse and apply equation (1.36)
multiple times to calculate the output signal of such a square pulse interferometer. We shall do
exactly that and calculate the output of the simplest Ramsey interferometer, a combination
of two square π/2-pulses of length τ with a free evolution time T between the pulses. We
will consider an atom initially (at t = 0) in the state |a〉 (i.e. ca,I(0) = 1 and cb,I(0) = 0),
which is subject to a Ramsey sequence as described above. A π/2-pulse of length τ with phase
φ1transforms the initial amplitudes to
ca,I(τ) =
1￿
2
￿
1+ i
δ
Ω
￿
cb,I(τ) =
−ie−iφ1￿
2
Ωab
Ω
.
(1.38)
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Figure 1.4: Ramsey fringes as a function of detuning δ. The graph shows the population transfer from
state |a〉 to state |b〉 for a simple π/2-π/2-Ramsey sequence. The Rabi frequency is Ωab = 2π× 1kHz
and the propagation time between the two beam splitters T = 5ms.
During the free evolution time T, the two amplitudes pick up a phase and are transformed to
ca,I(τ+ T ) = ca,I(τ)eiδT/2 and cb,I(τ+ T ) = cb,I(τ)e−iδT/2. Applying the second π/2-pulse of
length τ and phase φ2 yields the amplitudes after the Ramsey sequence (see also [69]),
ca,I(2τ+ T ) = ie
−i φ1−φ22 δ
Ω
￿
cos
￿
δT + (φ1−φ2)
2
￿
+
￿
Ω2ab
Ωδ
+ i
￿
sin
￿
δT + (φ1−φ2)
2
￿￿
cb,I(2τ+ T ) = −ie−i φ1+φ22 ΩabΩ
￿
cos
￿
δT + (φ1−φ2)
2
￿
− δ
Ω
sin
￿
δT + (φ1−φ2)
2
￿￿
.
(1.39)
The population in state |b〉 is given by |cb,I |2, which is related to the population in state |a〉 via|ca,I |2 + |cb,I |2 = 1, as no loss mechanisms have been included. Ramsey fringes are recorded as
an oscillation in population transfer when varying either the detuning δ, the evolution time
T or the relative local oscillator phase φ1−φ2. A measurement with an atom interferometer
is typically done by measuring a shift in the Ramsey fringes. An illustrative simplification
of equation (1.39) can be found in the case of near-resonant radiation, i.e |δ| ￿ Ωab. The
population in state |b〉 is in this limit￿￿cb,I(2τ+ T )￿￿2 ￿ 12 ￿1+ cos(δT + (φ1−φ2))￿ . (1.40)
A graph of Ramsey fringes according to equation (1.39) is shown in figure 1.4. The period
of the fringes is determined by the propagation time, while the Rabi frequency defines the
(power broadened) width of the envelope. When making an interferometric measurement
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with such a signal, the best phase sensitivities are generally achieved when operating halfway
up a fringe where the slope of the signal is maximal. In figure 1.4, the Rabi frequency is
chosen to be Ωab = 2π× 1kHz. The propagation time between the beam splitters is T = 5ms,
yielding a fringe period of 200Hz. For these parameters, the frequency sensitivity of a quantum
projection noise limited interferometer with 106 atoms is 16mHz in one experimental run.
Using the atomic clock states in 87Rb, this corresponds to a relative frequency measurement of
2.3× 10−12.
1.3.3 Adiabaticity
The above derivation of a Ramsey interferometric signal assumes the use of rectangular
temporal amplitude profiles of the pulses coupling the two-level system. This condition is
not necessarily fulfilled in an interferometric experiment. It is in fact in many cases desirable
to minimise the Fourier-limited frequency width of the coupling pulses, and one deliberately
chooses pulse profiles different from a simple rectangular shape. Already a simple Gaussian
pulse profile has a considerably smaller frequency width than a rectangular pulse of similar
length. A pulse profile different from rectangular implies a non-constant Rabi-frequency during
the coupling process. A π/2-pulse is in the general case defined via
∞￿
−∞
Ω(t)dt =
π
2
. (1.41)
In an ideal rectangular pulse, the Rabi frequency Ω changes infinitely fast at the switch-on
and switch-off times of the coupling points. The sudden switch-on projects the original states
onto the dressed state basis formed by the states |λ±〉. The dressed states phase-evolve during
the coupling time and are projected back onto the original states when the coupling is turned
off. The population transfer in such a rectangular beam splitting pulse is a function of the
accumulated phase of the dressed states during the coupling and is described by equation
(1.36).
In the other extreme of an infinitely slowly varying Rabi frequency, each of the original
states |a〉 and |b〉 adiabatically transforms into the corresponding dressed state when turning on
the coupling field. Equivalently, an infinitely slow switch-off reverses this transformation and
the coupling pulse does not transfer any population between the two states. The adiabatic limit
is of no avail for the implementation of interferometric beam splitters. In order to quantify the
condition on non-adiabaticity, we return to the notation of the (dressed) states from equation
(1.13), ￿￿λ+￿= sin θ2 ei φ2 |a〉+ cos θ2 e−i φ2 |b〉￿￿λ−￿= cos θ2 ei φ2 |a〉 − sin θ2 e−i φ2 |b〉 . (1.42)
For simplicity, we set φ = 0 in the following discussion. Writing the state as |ψ〉 = c+(t)|λ+〉+
c−(t)|λ−〉, one obtains for the temporal evolution of the coefficients [70]￿
c˙+
c˙−
￿
=
i
2
￿−Ω −iθ˙
iθ˙ Ω
￿￿
c+
c−
￿
. (1.43)
In this discussion, the detuning is assumed to be constant, and all variations in θ (defined
as before via tanθ = Ωab/δ) are due to a change in Rabi frequency Ωab. The adiabatic
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approximation is defined by the condition θ˙ → 0. In this case, equation (1.43) can be
integrated to give
c+(t) = e−iα/2c+(0)
c−(t) = eiα/2c−(0),
(1.44)
with
α=
t￿
0
Ω(t ￿)dt ￿ (1.45)
No population is transferred between the two dressed states, and this limit is not useful for
the implementation of beam splitters. One needs to make sure that θ˙ is sufficiently large such
that the adiabatic approximation is not valid and population transfer between the two states
|a〉 and |b〉 is possible in the coupling region. The solution of equation (1.43) is intricate for
a time-dependent Rabi frequency and must in most cases be obtained numerically. It should
be noted here, that in the discussion above we restrict ourselves to the case of a varying Rabi
frequency only. Adiabatic transfer using a varying detuning can of course be used to implement
atom interferometer beam splitters and mirrors, see [70].
1.4 Interactions with static magnetic fields
So far, this chapter has discussed the coherent interaction of atoms with electromagnetic
interaction and the applications to atom interferometry. Experiments in the fields of ultracold
atoms and atom interferometry rely on a thorough understanding of atomic coupling to
oscillating electromagnetic fields. Of similar importance is the knowledge of static magnetic
fields, as they form the basis for many atomic trapping techniques and for the controlled
manipulation of atomic energy levels. Furthermore, fluctuating magnetic fields are a common
source of noise downgrading the performance of atom interferometers and their beam splitters.
The energy of an atomic level with vanishing orbital angular momentum (such as a level in the
ground state hyperfine manifold of 87Rb) under the influence of a static magnetic field B can
be expressed via the Breit-Rabi formula [71]
Ef ,mf = (−1) f
ħhωhf
2
￿
1+
4mf
2i + 1
b+ b2 + const., (1.46)
with b = gi+gsħhωhf µBB. The quantum numbers i, s and f describe the nuclear, electronic and
total spin respectively, with corresponding Lande´ factors gi, gs and g f . The ground state
hyperfine splitting is given by ħhωhf. In all cases of interest in this thesis, the magnetic energy is
significantly smaller than the hyperfine splitting (µBB￿ ħhωhf), and it is convenient to express
the energy as a Taylor series in b,
Ef ,mf = (−1) f
ħhωhf
2
￿
1+
2mf
2i + 1
b+
￿
1
2
− 2m
2
f
(2i + 1)2
￿
b2 +O(b3)
￿
. (1.47)
The lowest order term in the expansion represents the hyperfine energy splitting. The first
order yields the well known first order Zeeman shift, ∆E(1)f ,mf = g f mf µBB, which is commonly
employed for the realisation of magnetic trapping potentials. The second order term is
particularly important when considering states that are insensitive to first order magnetic field
shifts, such as the atomic clock ground states in 87Rb, | f = 1,mf = 0〉 and | f = 2,mf = 0〉.
The second order Zeeman shift will be used in chapters 3 and 4 for the state-sensitive detection
at the interferometer output.
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1.5 Uncertainty evaluation
Precision measurements with atom interferometers and other devices are limited by the noise
sources accompanying the measurement. For example, in an interferometric beam splitter
based on Raman transitions (which were discussed earlier in this chapter), fluctuations in
the amplitudes or frequencies of the light fields driving the transition can pose a limit for the
interferometric sensitivity. It is crucial to evaluate the uncertainty and classify the noise sources
present during a measurement [72]. The well known way of calculating the variance for a
sample of measurements via their deviations from the average value has several disadvantages,
associated with it, particularly in the case of an average value changing with time. There are
a variety of alternative variance definitions, and a good overview can be found in [73] in
the context of frequency and time uncertainties. This section introduces the Allan variance,
which is the most commonly used variance definition in the field of precision measurements.
Increasingly precise measurement are likely to be associated with the occurrence of noise
sources that are hidden at lower precisions. Noise sources which are to first order suppressed
can easily have a substantial effect on the outcome of a measurement. Higher order error
propagation is crucial for a consideration of such noise, and we shall define the important
relations in the second part of this section. The introduced notation will be used for a discussion
of noise sources in an interferometer in section 4.4.
1.5.1 Allan variance
The starting point for a variance evaluation is a sample of N measurements {zi} of a variable
Z , taken with an integration time τ. The most well known way to analyse such a sample is the
standard variance
σ2z (τ) =
1
N − 1
N￿
i=1
￿
zi − z￿2 , (1.48)
where z = 1N
￿N
i=1 zi is the expectation value of the sample {zi}. The dependence on the
integration time τ is implicitly included in each measurement zi, as the outcome of the
measurement depends on the time it is integrated for. There are several possible noise
characteristics that cause the standard variance to diverge for large sample sizes. The common
feature of those is an average value that drifts with time. The standard variance is not
commonly used for the uncertainty analysis of precision measurements. On the contrary, a very
common variance definition is the Allan variance. Whereas the standard variance describes
the mean deviation from an average value, the Allan variance is related to the mean deviation
between successive measurements. The Allan variance is defined as
σ2z (τ) =
1
2(N − 1)
N−1￿
i=1
￿
zi+1− zi￿2 . (1.49)
As an illustration, we consider a fluctuating intensity of an interferometric beam splitter caused
by high frequency laser noise and slow phase drifts in an optical fibre. The Allan variance takes
account of the high frequency noise components for short integration times and of the slow
intensity drifts for long integration times τ. The standard variance, on the contrary, does not
allow a differentiation between high and low frequency noise, and the largest noise source
dominates at all τ.
Alongside the standard definition of the Allan variance in equation (1.49), there exist
modified and overlapping Allan variances which can be advantageous for the analysis of specific
noise sources. While all these Allan variances are based around two-point (zi , zi+1) sample
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differences, one can also define a variance based on three-point (zi+2, zi+1, zi) differences,
as is the case in the definition of the Hadamard variance. For a more detailed overview of
different variance definitions, see [73]. We will use the standard Allan variance definition for a
quantification of intensity and frequency noise in sections 4.1.1 and 4.1.3.
1.5.2 Higher order error propagation
In many cases, the variable Z is not measured directly but inferred from a measured variable X .
This is the case in most measurements of physical quantities and becomes especially important
when aiming to describe and estimate the influence of a fluctuating quantity on a measurement.
While the lowest order law of uncertainty propagation is generally well known, it is often
necessary to include higher order corrections [74], especially in the case of vanishing lowest
order uncertainty or when precise estimates of the measurement uncertainty are needed.
A good example is the influence of magnetic field fluctuations on the interferometer states
| f = 1,mf = 0〉 and | f = 2,mf = 0〉 in 87Rb. At zero magnetic field, the energies of the two
states are to first order insensitive to magnetic field fluctuations. However, there are higher
order dependences that can be important when the fluctuations of the level energies need to be
precisely known. In general higher order error propagation, one makes use of the probability
distribution of the measured variable X and a functional dependence of Z on X ,
Z = g(X ). (1.50)
The random variable X is distributed according to a probability density function fX (x). The
common way to characterise a probability density function is via the moments of the distribu-
tion. The first moment is nothing else than the expectation value,
µX ≡ E[X ] =
∞￿
−∞
x · fX (x)dx . (1.51)
The nth order central moment is accordingly defined via
E[X −µX ]n =
∞￿
−∞
(x −µX )n · fX (x)dx . (1.52)
From the second central moment one immediately obtains the standard variance, σ2X =
E(X −µX )2. The third and fourth order central moments are related to the so called skewness
and kurtosis, respectively. For the following derivation, it will be convenient to define the
dimensionless skewness γ and kurtosis κ:
γ=
E[X −µX ]3￿
E[X −µX ]2￿3/2
κ=
E[X −µX ]4￿
E[X −µX ]2￿2 .
(1.53)
The values of the skewness and kurtosis depend on the exact form of the probability density
function fX (x). In the case of a normal (Gaussian) probability distribution, one obtains γ= 0
and κ= 3.
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For the propagation of errors according to the functional dependence Z = g(X ), one
considers the Taylor expansion of g in X around a value X0 = a,
g(X ) =
∞￿
l=0
1
l!
∂ l g
∂ X l
(a)(X − a)l . (1.54)
This expansion can be used to determine an estimate of the expectation value µZ and variance
σ2Z in Z , up to the accuracy that is needed in a particular case. One needs to calculate
µZ ≡ E[g(X )] and σ2Z ≡ E[g(X )− E[g(X )]]2, using g(X ) from equation (1.54). In most cases,
one only considers the lowest non-vanishing contribution, which gives
µZ = g(µX )
σ2Z =
￿
∂ g
∂ X
(µX )
￿2
σ2X .
(1.55)
These are the well known expressions for the propagation of errors with a known functional
dependence Z = g(X ), and they are mostly sufficient to describe the uncertainty in the variable
Z . There are however possibilities where one needs to consider higher orders of the Taylor
expansion. Such is the case (i) when highly accurate uncertainty predictions are necessary,
(ii) when the uncertainty σX in X becomes so large that higher order derivatives cannot be
neglected, and (iii) for vanishing lower order derivatives of g(X ). The latter is the case for
parts of the analysis of noise effects in section 4.4, where the equivalent of ∂ g
∂ X (µX ) vanishes
and therefore cannot be used for an estimation of the lowest order contribution to the variance.
Evaluating the expectation value µZ and the variance σ2Z using the expansion in equation
(1.54) up to second order yields for the expectation value and the variance
µZ = g(µX ) +
1
2
∂ 2g
∂ X 2
σ2X
σ2Z =
￿
∂ g
∂ X
￿2
σ2X + γ
∂ g
∂ X
∂ 2g
∂ X 2
σ3X +
κ− 1
4
￿
∂ 2g
∂ X 2
￿2
σ4X ,
(1.56)
where all derivatives are to be evaluated at X = µX . Higher than second order corrections can
be calculated in the same way and will not be incorporated here, see [74] for more details.
The last case to be considered is the uncertainty propagation via a function Z = h(X ,Y ) of
multiple variables X and Y , for example for the population transfer in an interferometric beam
splitter that depends both on the frequency and the amplitude of the driving field. Equation
(1.54) needs to be adjusted to the two-dimensional case. As in the single variable case, the first
order expressions for expectation value and variance are well known,
µZ = h(µX ,µY )
σ2Z =
￿
∂ h
∂ X
(µX ,µY )
￿2
σ2X +
￿
∂ h
∂ Y
(µX ,µY )
￿2
σ2Y .
(1.57)
For the second order expressions one again has to take into account higher order moments,
and the final results read
µZ = h(µX ,µY ) +
1
2
∂ 2h
∂ X 2
σ2X +
1
2
∂ 2h
∂ Y 2
σ2Y
σ2Z =
￿
∂ h
∂ X
￿2
σ2X +
￿
∂ h
∂ Y
￿2
σ2Y +
￿
∂ 2h
∂ X∂ Y
￿2
σ2Xσ
2
Y
+ γ
￿
∂ h
∂ X
∂ 2h
∂ X 2
σ3X +
∂ h
∂ Y
∂ 2h
∂ Y 2
σ3Y
￿
+
κ− 1
4
￿ ∂ 2h
∂ X 2
￿2
σ4X +
￿
∂ 2h
∂ Y 2
￿2
σ4Y
 .
(1.58)
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As above, all derivatives are to be evaluated at {X = µX ,Y = µY }. The distributions of X and
Y are assumed to have the same skewness γ and kurtosis κ. Equation (1.58) is applied to an
estimation of the effect of noise sources in a Ramsey interferometer in chapter 4.4.
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Chapter 2
Bose-condensed sources for precision
measurements
The investigation of Bose-condensed atoms for applications in precision measurements, in
particular atom interferometry, is the main focus of this thesis. There are multiple promising
advantages as well as clear drawbacks of Bose-Einstein condensates (BECs) compared to
thermal sources, and it is an interesting question whether the potential of Bose-condensed
sources will be sufficient to reach and overcome the precision of thermal interferometers in
the future. The two major arguments against using BECs in atom interferometers are the
lower achievable flux and the occurrence of detrimental atomic interaction effects1. Potential
advantages on the other hand include the narrow velocity width, the good spatial localisation
and the applicability of squeezing schemes. After a short introduction to the mean field
description of BECs, we will quantitatively analyse these advantages and disadvantages.
We shall present different atom laser schemes and analyse their applicability to precision
measurements. Finally, we present the design and implementation of a quadrupole-Ioffe
configuration magnetic trap, which is used for the interferometry experiments presented in
later chapters.
2.1 Mean field description of a Bose-Einstein condensate
Both the theoretical [75] and experimental [76] aspects of Bose-Einstein condensates have
been described in much detail in the literature. For a description of the theoretical background
of BECs, we will not try to give a (necessarily incomplete) overview of the whole field. Instead,
we shall concentrate on those specific aspects which are crucial for the kinds of precision
measurements and atom interferometers that are the subject of this thesis. Bose-Einstein
condensation is commonly realised in atomic clouds confined in harmonic trapping potentials
of the form
Vext(r ) =
1
2
m
￿
ω2x x
2 +ω2y y
2 +ω2z z
2
￿
=
1
2
m
￿
ω2ρ(x
2 + z2) + w2y y
2
￿
. (2.1)
The potential is characterised by the trapping frequencies {ωx ,ωy ,ωz}, or {ωρ,ωy} in the
case of a trap symmetric about its y-axis. The fact that the central part of most traps is to a
very good approximation described by a harmonic potential significantly facilitates the analysis.
In fact, in the case of no interactions, the wave function Φ(r , t) of the Bose-Einstein condensate
1Building a source of Bose-condensed atoms also involves a higher level of complexity. However, this is more
an engineering challenge than a fundamental limit and will not be discussed in more detail here.
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is a scaled copy of the harmonic oscillator ground state wave function. For interacting particles,
one can derive the equation of motion of the wave function Φ(r , t) from the Heisenberg
equation of motion of a many-body Hamiltonian, resulting in the famous Gross-Pitaevskii (GP)
equation, derived by Gross [77, 78] and Pitaevskii [79],
iħh ∂
∂ t
Φ(r , t) =
￿
−ħh
2∇2
2m
+ Vext(r ) + g |Φ(r , t)|2
￿
Φ(r , t). (2.2)
A number of approximations are essential for the validity of equation (2.2). For example,
the atom number is required to be large, N ￿ 1, and the s-wave scattering length has to be
much smaller than the mean distance between two atoms. The coupling constant g specifies
the strength of the effective two-body potential V (r − r ￿) = gδ(r − r ￿) and is related to the
s-wave scattering length a via g = 4πħh2a/m. The ground state wave function can be written
as Φ(r , t) = e−iµt/ħhφ(r ), which leads to the stationary form of the Gross-Pitaevskii equation,￿
−ħh
2∇2
2m
+ Vext(r ) + gφ2(r )
￿
φ(r ) = µφ(r ). (2.3)
The temporal phase evolution is governed by the chemical potential µ. As mentioned above, the
Gross-Pitaevskii equation is valid in the limit of dilute and weakly interacting gases, referring
to the condition n|a|3 ￿ 1, with n the mean density of the condensate. This limit does not
imply that interactions do not strongly affect the behaviour of the condensate wave function.
Even for n|a|3 ￿ 1, the interaction energy Eint can strongly dominate the kinetic energy Ekin of
the condensate in the trap. As a rough estimate, one calculates the interaction energy in the
harmonic oscillator ground state to Eint = gNn ￿ 4πħh2N2a/ma3ho. The kinetic energy in the
ground state is Ekin ￿ Nħhωho = Nħh2/ma2ho, where ωho = (ωxωyωz)1/3 is the geometric mean
of the three trapping frequencies and aho = (ħh/mωho)1/2 the characteristic harmonic oscillator
length scale. The ratio rE of the two energy scales is
rE =
Eint
Ekin
￿ 4πNa
aho
. (2.4)
For typical parameters used in the experiments in this thesis, rE ￿ 103, and even for the
smallest atom numbers of about N ￿ 103 we have rE > 10. In that sense we operate all in-trap
experiments in the interaction dominated regime. Note that this is true only for experiments
performed in-trap. In the free-space interferometry setup discussed in chapter 4, we operate
in a regime where mean field energy is released into kinetic energy during a period of free
expansion before the experiment is performed.
The experiments presented in the following chapters are performed using 87Rb, which has
repulsive interactions, a > 0. In the limit rE ￿ 1, we can neglect the kinetic energy (also called
quantum pressure) term in the Gross-Pitaevskii equation and obtain for the wave function
φ2(r ) = n(r ) =max
￿
µ− Vext(r )
g
, 0
￿
. (2.5)
This is known as the Thomas-Fermi limit and yields a density profile with the shape of an
inverted parabola. The function max ( f (r ), 0) is defined as the pointwise maximum of the
function f (r ) and 0, i.e. max ( f (r ), 0) = f (r ) for f (r )≥ 0 and max ( f (r ), 0) = 0 otherwise.
Due to the strong interactions, atoms are pushed out towards the sides of the cloud, effectively
flattening the density in the central part of the cloud. In fact, the central density for the
parameters considered here is reduced by more than an order of magnitude compared to
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the non-interacting case. The chemical potential is related to the number of particles in the
condensate through
µ=
ħhωho
2
￿
15Na
aho
￿2/5
. (2.6)
The simple form of the wave function in the Thomas-Fermi approximation, equation (2.5),
facilitates the calculation of the size of the Bose-Einstein condensate. Defined as the minimum
distance from the centre of the cloud for which φ2(r ) = 0, the radius Ri0 in the direction i
(with i ∈ {x , y, z}) is related to the chemical potential via µ= mω2hoR2i0/2.
2.2 Bose-Einstein condensates for atom interferometry
The major characteristic of a Bose-Einstein condensate is the macroscopically occupied quantum
state. Large parts of the experimental results of this thesis, however, do not rely on the quantum
nature of BECs. The crucial properties of BECs with respect to their applications in precision
measurements are (a) the achievable flux, (b) the large densities as compared to thermal
clouds, (c) the resulting atomic interactions and (d) the narrow width both in position and in
momentum space.
2.2.1 Flux
The flux in an atom interferometer is a factor that limits the achievable phase sensitivity. The
more particles there are available for a measurement, the better is the improvement in noise
due to averaging. When other noise sources are sufficiently suppressed, the sensitivity of
an interferometer scales as the square root of the flux. Modern BEC experiments are able
to achieve a flux of 2 × 106 atoms/s with 23Na [34]. For practical reasons, 87Rb is more
commonly used in atom interferometers, and a typical flux is 5× 104 atoms/s [35]. Reaching
106 atoms/s is an optimistic estimate of what can be achieved with 87Rb BECs in the near future.
Laser cooled thermal clouds achieve fluxes of 109 atoms/s and above. The seemingly big flux
disadvantage is lessened by the role of velocity width. External state beam splitting in atom
interferometers can be highly velocity selective. Instead of comparing the overall flux, it is more
realistic to consider the flux within the velocity class that is addressed by the interferometer
beam splitters. Thermal interferometers require a velocity selection stage to achieve the same
width in momentum as representative Bose-condensed sources. The state-of-the-art flux in
thermal atom interferometers after velocity selection is 108 atoms/s [33]. We estimate the
current disadvantage in flux of Bose-condensed compared to thermal interferometers to be
between a factor of one hundred and one thousand, resulting in a phase sensitivity lower by a
factor of ten to thirty.
2.2.2 Density profiles
There is a possibility that the decrease in sensitivity of BEC interferometers due to the lower
flux can be overcome by the advantages Bose-condensed sources offer. One of those is the
excellent achievable spatial localisation, due to the two following reasons:
State selective detection: Having a good spatial localisation of the atomic cloud makes it
easier to simultaneously detect the two different output states involved in an atom
interferometer. For simultaneous detection of the output states, it can be advantageous
to have a small extent of the clouds both in space and momentum. Common thermal
atom interferometers do not fulfil this requirement and detect the two interferometer
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states subsequently, relying on the internal atomic state [80]. Such a detection scheme
requires different internal states in the two interferometer arms, increasing the sensitivity
to detrimental external fluctuations affecting the relative phase at the output of the
interferometer. Interferometers with different internal states are, for example, inherently
sensitive to fluctuations in the differential Zeeman shift and the differential ac-Stark
shift. Spatially sensitive interferometers commonly have different momentum states on
the two outputs, yielding a spatial separation dependent on the detection delay. When
the atomic clouds are sufficiently localised (as potentially the case for Bose-Einstein
condensates), the spatial separation can be used for state selective detection techniques,
and different internal states are not required.2
Homogeneous addressability: Most atom interferometric measurements are based on a
phase comparison with a local oscillator. This is often a combination of the frequencies
of a pair of co- or counter-propagating laser beams. It is crucial to have a constant
phase of the laser beams across the extent of the atom cloud, and there are stringent
requirements on the flatness of the laser wavefronts [81]. The larger the atom cloud the
more difficult it is to fulfil these requirements, and the excellent achievable localisation
of a Bose-condensed cloud offers a significant advantage over typical thermal clouds.
We shall in the following consider the density profiles of an atomic cloud trapped in a har-
monic potential and those of a freely expanding cloud. Both cases are of interest for atom
interferometric measurements. Regarding Bose-condensed clouds, the following discussion
will include both the non-interacting case and the Thomas-Fermi limit. The latter applies in all
cases considered in this thesis.
Density distribution - condensed Thomas-Fermi
The Thomas-Fermi density profile for a trapped condensate has been given in equation (2.5)
and can be conveniently rewritten in terms of the half widths Ri0 of the cloud,
n(c)trap(r ) =
15N
8π
￿
i
Ri0
max
￿
1−￿
i
r2i
R2i0
, 0
￿
, (2.7)
with i ∈ {x , y, z}. The half width (or radius) Ri0 of the condensate is defined as the distance
from the centre where the density drops to zero and is given by Ri0 =
￿
2µ/mω2i . When
releasing the condensate from the trap, its density evolves as a rescaling of the original
parabolic shape [82, 83, 84]. The rescaling is described by introducing the scaling parameters
λi(t) [82], defined via the evolution of an infinitesimal fraction of the cloud, ri(t) = λi(t)ri(0).
The evolution of the time-of-flight density is then given by
n(c)tof(r , t) =
1￿
i
λi(t)
n(c)trap(r
￿), (2.8)
where r ￿i = ri/λi(t) = ri(0). Considering the conservative mean field potential of the conden-
sate and the resulting force, one can solve Newton’s law to obtain for the scaling parameters in
the case of a sudden trap switch off
d2
dt2
λi(t) =
ω2i
λi(t)
￿
j
λ j(t)
. (2.9)
2For BEC-based interferometers without a separation in momentum space, methods such as Stern-Gerlach
fields can be used to spatially separate different internal states, as demonstrated in section 3.4.
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The initial conditions are λi(0) = 1 and λ˙i(0) = 0, as the gas is initially at rest. In many
experimental setups, the trapping potential is axially symmetric and can be characterised
by axial and radial coordinates, y and ρ. We define the aspect ratio as ￿−1 = ωρ/ωy and
introduce the dimensionless time τ =ωρ t. The trapping frequency ωρ is identical to ωx and
ωz . The transformation of the λi(t) into the new coordinates follows in a straightforward way.
For the solution of equations (2.9), one can make an expansion in powers of ￿, leading to [82]
λρ(τ) =
￿
1+τ2 +O(￿)
λy(τ) = 1+ ￿2
￿
τarctanτ− ln
￿
1+τ2
￿
+O(￿4).
(2.10)
From equations (2.10), one can immediately calculate the radial and axial half widths in time
of flight via Rρ(t) = λρ(τ)Rρ0 and Ry(t) = λy(τ)Ry0.
Density distribution - condensed non-interacting
In the non-interacting case, the density distribution of the trapped condensate corresponds to
the ground state of the harmonic oscillator [75],
n(c)trap(r ) =
N
(
￿
πaho)3
e−mħh
￿
iωi r
2
i . (2.11)
The density in time-of-flight is a Gaussian as well, it simply rescales according to the velocity
distribution in the trap. We obtain for the time-of-flight density distribution [76]
n(c)tof(r ) =
N
(
￿
πaho)3
￿
i(1+ω
2
i t
2)1/2
e
−mħh
￿
i
ωi r
2
i
1+ω2i t
2 . (2.12)
Density distribution - thermal
For the density distribution of a thermal cloud trapped in the same harmonic potential, we
make the approximation that the thermal energy is much larger than the level spacing of the
harmonic trapping potential, kBT ￿ ħhωi, for all i. Using a semi-classical approach [76, 85],
the trapped density distribution becomes
n(th)trap(r ) =
￿
d3p
(2πħh)3
1
e(εp (r )−µ)/kBT − 1
=
1
λ3dB
g3/2(e(µ−Vext(r ))/kBT ),
(2.13)
where the de Broglie wavelength is defined as λdB = (2πħh2/mkBT)1/2, the particle energy is
εp(r ) = p2/2m+ Vext(r ), and the Bose function is the polylogarithm g j(x) =
￿∞
i=1 x
i/i j . The
chemical potential µ of the thermal cloud is related to the total number of atoms N via [85]
N =
￿
kBT
ħhωho
￿3
g3(eµ/kBT ). (2.14)
Similarly to the trapped density distribution, one can derive the time-of-flight distribution to
[76]
n(th)tof (r , t) =
￿
d3r 0d
3p
(2πħh)3
1
e(εp (r 0)−µ)/kBT − 1δ
3(r − r 0− p tm )
=
1
λ3dB
￿
i
￿
1
1+ω2i t
2
￿
g3/2(e
[µ−m2
￿
i
ω2i r
2
i
1+ω2i t
2 ]/kBT ).
(2.15)
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In-trap density Time-of-flight density
Thermal n(th)trap(r ) =
1
λ3dB
g3/2(e[µ−Vext(r )]/kBT )
n(th)tof (r , t) =
1
λ3dB
￿
i
￿
1
1+ω2i t
2
￿
×g3/2(e[µ−
m
2
￿
i
r2i ω
2
i
1+ω2i t
2 ]/kBT )
BEC (TF) n(c)trap(r ) =
15N
8π
￿
i
Ri0
max(1−￿
i
r2i
R2i0
, 0) n(c)tof(r , t) =
1￿
i
λi(τ)
n(c)trap(r ￿)
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Table 2.1: Density distributions for thermal clouds and Bose-Einstein condensates, both in-trap and in
time-of-flight. The condensate distributions are calculated in the Thomas-Fermi (TF) approximation
and in the limit of vanishing interactions (a = 0), the thermal distributions under the assumption
kBT ￿ ħhωi .
Comparison
As a summary, we list the density distributions for thermal clouds and Bose-Einstein condensates
in the approximations discussed above, both for trapped and expanding clouds, in table 2.1.
We assume typical experimental conditions and make a comparison of numbers between the
width (FWHM) of a thermal cloud, a BEC in the Thomas-Fermi limit and a BEC with vanishing
interactions, all in 87Rb. For the thermal distributions in table 2.1, we make the additional
approximation g3/2(x) ≈ x , which is well satisfied for the parameter regime considered.
In our calculations, we assume an atom cloud with N = 106 atoms, an axially symmetric
trap with trapping frequencies ωx = ωz = 209.2Hz and ωy = 18.3Hz (see section 2.4),
and a temperature of the thermal cloud of T = 1µK. The critical condensation temperature
is T0 = 416nK, and the thermal cloud temperature is a factor of 2.4 above the onset of
condensation. We analyse the cloud width in time-of-flight; the in-trap width follows directly
in the limit of vanishing time of flight. For reasons of simplicity, we restrict the discussion to
the central widths, e.g. the width in x-direction at y = z = 0. Due to the axially symmetric
geometry, we only have to consider the widths in x- and y-direction, as graphed in figure 2.1.
Even though we choose a thermal cloud with temperature not far above condensation, the
thermal cloud width is significantly larger than the one of a Thomas-Fermi BEC, particularly
along the weak trapping axis. The smaller spatial extent of the BEC in the Thomas-Fermi
limit offers potential advantages for the detection stage and the addressability in the beam
splitters of an atom interferometer. As can be seen from figure 2.1, the case of a BEC with no
interactions is even more advantageous. Its density distribution in time of flight is determined
by the Heisenberg limited momentum width of the trapped condensate and yields a spatial
width more than a factor of five lower than the Thomas-Fermi BEC, both in the strong and the
weak trapping direction.
2.2.3 Atomic interaction effects
The effect of atomic interactions on the phase evolution in an atom interferometer is commonly
regarded as a major obstacle for achieving good sensitivities in interferometers based on
Bose-Einstein condensates. In the following, we will estimate the mean field shifts based on
the Thomas-Fermi density distributions described in the previous section. For a quantitative
analysis of the relative phase evolution of the two states in the interferometer, we follow the
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Figure 2.1: Time-of-flight central cloud widths (a) perpendicular to and (b) along the weak trapping
direction. The red lines represent a thermal cloud of T = 1µK, the blue long-dashed line a condensate
in the Thomas-Fermi limit and the black short-dashed line a condensate with no interactions. The cloud
width are calculated for an atom number N = 106 and trapping frequencies ωx =ωz = 209.2Hz and
ωy = 18.3Hz.
approach in [86] and write the two-state wave function as
Φ(r , t) = ca(t)φa(r ) + cb(t)φb(r ). (2.16)
The number of atoms in each state is given by Na = |ca(t)|2 and Nb = |cb(t)|2, and the overall
wave function is normalised to the total atom number,
￿ |Φ(r , t)|2d3r = Na + Nb = N . It
follows that φa(r ) and φb(r ) are normalised to one. The equations of motion for ca(t) and
cb(t) are obtained from the Gross-Pitaevskii equation (2.2):
i c˙a =ωaca + (UaaNa + UabNb)ca ≡ αaca
ic˙b =ωbcb + (UbbNb + UabNa)cb ≡ αbcb. (2.17)
Here, Ui j =
gi j
ħh
￿ |φi(r )|2|φ j(r )|2d3r is related to the scattering length ai j between states i
and j via gi j = 4πħh2ai j/m. The energies of the two states in the absence of interactions are
ħhωa and ħhωb. The phase evolution of state i is described by αi , and the relative phase evolves
at a rate
α≡ αa −αb =ωa −ωb + (Uaa − Uab)Na − (Ubb − Uab)Nb. (2.18)
The interaction-induced reduction of interferometric sensitivity is due to uncertainties in the
numbers Na and Nb. We are particularly interested in the uncertainty in number and the
dephasing during the free evolution in the interferometer, i.e. after the first beam splitter. For a
non-entangled ensemble of atoms, the limit of how well we can know the number after the
first beam splitter is given by the quantum projection noise, which sets a lower bound for
the uncertainty in relative atom number, σNa−Nb =
￿
N . Assuming a 50/50 split on the beam
splitter, we set Na = (N ±￿N)/2 and Nb = (N ∓￿N)/2. The relative phase evolves as
α=ωa −ωb + (Uaa − Uab)N ±
￿
N
2
− (Ubb − Uab)N ∓
￿
N
2
. (2.19)
The important quantity is the uncertainty in the phase evolution due to relative number
fluctuations. The uncertainty in the phase evolution rate α is given by
σα =
Uaa + Ubb − 2Uab
2
￿
N . (2.20)
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Figure 2.2: Calculated dephas-
ing rate σα as a function of ex-
pansion time. The maximum
dephasing rate is 3.5Hz for a
trapped condensate. More than
99% of the atomic interaction en-
ergy is converted to kinetic en-
ergy during the first 10ms of
free expansion. The dephasing
rates are obtained for condensate
of N = 106 atoms and trapping
frequencies ωx =ωz = 209.2Hz
and ωy = 18.3Hz.
0 5 10 15 20 25 30
10−3
10−2
10−1
100
101
Time of flight (ms)
D
ep
ha
sin
g 
ra
te
 σ
α
 
/ 2
pi
 
 
(H
z)
σα is the dephasing rate during the free evolution in the interferometer. We shall calculate
σα for the time-of-flight Thomas-Fermi density profiles introduced in the previous section. For
simplicity, we will consider the case where the two states are spatially separated; this condition
is fulfilled for interferometers with atomic clouds of sufficiently narrow spatial width (BECs)
and a large enough momentum transfer during the beam splitting. For spatially separated
states, we can neglect the interstate interaction term Uab in equation (2.20). We shall assume a
condensate with N = 106 87Rb atoms and the trapping parameters of the QUIC trap described
in section 2.4. The differences in the scattering lengths of different internal states in 87Rb differ
by ￿ 10%. For reasons of simplicity, we use a = 100a0, independent of the internal atomic
state. From equation (2.8), we calculate Uaa = Ubb and the dephasing rate σα. The results are
graphed in figure 2.2. The maximum dephasing rate is σα = 2π× 3.5Hz; it decreases by more
than two orders of magnitude within the first 10ms of free expansion. To achieve quantum
projection noise limited operation with 106 atoms,3 the (mean) dephasing rate σα must be
kept below 2π× 5× 10−4/T . Here, T is the free evolution time in the interferometer. For an
interferometer with T = 100ms, this means a dephasing rate below 5mHz which is achieved
after 18ms of free expansion in our setup.
2.2.4 Momentum distribution
While the density distribution and hence the spatial localisation is of importance for the
detection and the homogeneous addressability of the atomic cloud in an atom interferometer,
the momentum distribution plays a significant role for the addressability as well, albeit in a
different way. Interferometric beam splitters can be highly velocity selective, and ideally one
wants all atoms to have a single well-defined velocity. In a real interferometer, this situation
is not achievable, and the goal has to be to achieve a velocity (or momentum) distribution
which is substantially narrower than the momentum width addressed by the beam splitter.
This can be achieved either by starting with a narrow-velocity cloud or by applying a velocity
selection sequence before the start of the interferometer. The latter is successfully done in many
thermal atom interferometers. However, this method significantly reduces the number of atoms
available for the measurement and therefore the sensitivity of the device. A Bose-Einstein
condensate offers the possibility of a larger fraction of atoms in a given momentum spread,
3This estimate is made under the assumption that the dephasing is not used to improve the interferometric
sensitivity, as is done in squeezing schemes.
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reducing the importance of a velocity selection stage. This might be an advantage for beam
splitting processes in atom interferometers. As will be clear from the following discussion,
the momentum spread of a BEC is strongly affected by interactions. We will describe the
momentum distribution of thermal and condensed clouds in the trapped and time-of-flight
regime.
Momentum distribution - condensed Thomas-Fermi
The momentum distribution of a trapped Bose-Einstein condensate can be found as the Fourier
transform of the density distribution. We will assume an axially symmetric trapping potential
in the following analysis. In the Thomas-Fermi limit, one can find the analytical result [87]
m(c)trap(p) =
15N
16￿ħh3
R3ρ0
￿
J2(￿p)￿p2
￿2
. (2.21)
J2(x) is the Bessel function of order two, and ￿p =￿p2x + (py/￿)2 + p2z Rρ0/ħh. The aspect ratio
of the trap is ￿−1 as defined earlier. For the time-of-flight momentum distribution, we again
refer to [82] and write the local momentum of the cloud as a function of the scaling parameters
λi(t) as
pi(r , t) = mri
λ˙i(t)
λi(t)
. (2.22)
Equation (2.22) implies a linear dependence of the momentum component pi on the spatial
coordinate ri and is valid for the case where the initial (t = 0) spatial extent of the cloud
vanishes. Under the additional approximation of a vanishing momentum width at t=0, equation
(2.22) allows us to convert the density distribution from equation (2.8) to the corresponding
momentum distribution. Using the appropriate variable transformation, we obtain for the
time-of-flight momentum distribution
m(c)tof(p, t) = n
(c)
tof(r , t)
￿
i
∂ ri
∂ pi
=
1￿
i
mλ˙i(t)
n(c)trap(r
(p)), (2.23)
where r(p)i = pi/mλ˙i(t). In equation (2.23), we have used p = p(r , t) from equation (2.22).
As in the case of the time-of-flight density distribution of the Bose-condensed cloud, we can
employ the approximate solutions for the λi(t) from equation (2.10) for an axially symmetric
cloud with large aspect ratio. Eventually, we intend to derive the time-of-flight momentum
width ∆ptof of the condensate, and equation (2.23) by itself is only valid in the limit of
vanishing initial (in-trap) momentum width. To obtain a solution in the case of a non-zero
initial momentum width, one can convolve the time-of-flight momentum distribution from
equation (2.23) with the in-trap momentum distribution from equation (2.21). Under the
approximation of Gaussian momentum distribution functions, we can add up in quadrature the
momentum widths of the convoluted functions and obtain for the time-of-flight momentum
width
∆p2tof =∆p
2
trap +∆p
2
tof,0, (2.24)
where ∆ptrap is the initial (in-trap) momentum width, and ∆ptof,0 is the time-of-flight momen-
tum width when the initial momentum width is neglected. Equation (2.24) is not an exact
solution but achieves good agreement with numerical calculations of the momentum widths
[88].
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In-trap distribution Time-of-flight distribution
Thermal
m(th)trap(p) =
1
(mωhoλdB)3
m(th)tof (p) =
1
(mωhoλdB)3
×g3/2(e[µ−p2/2m]/kBT ) ×g3/2(e[µ−p2/2m]/kBT )
BEC (TF) m(c)trap(p) =
15N
16￿ħh3R
3
ρ0
￿
J2(￿p)￿p2
￿2
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1￿
i mλ˙i(t)
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BEC (a = 0) m(c)trap(p) = N
￿
aho￿
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￿
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Table 2.2: Momentum distributions for thermal clouds and Bose-Einstein condensates, both in-trap and
in time of flight. The condensate distributions are calculated in the Thomas-Fermi (TF) approximation
and in the limit of no interactions (a = 0), the thermal distributions under the assumption kBT ￿ ħhωi .
The Thomas-Fermi condensate time-of-flight distribution uses the definition r(p)i = pi/mλ˙i(t) and is
valid under the assumption of a vanishing initial momentum spread and spatial extent.
Momentum distribution - condensed non-interacting
The momentum distribution of a non-interacting BEC in a harmonic potential is equivalent
to the momentum distribution of the harmonic oscillator ground state, rescaled by the atom
number. The density in momentum space is
m(c)trap(p) = N
￿
aho￿
πħh
￿3
e−
1
mħh
￿
i
p2i
ωi . (2.25)
For vanishing interactions, the momentum distribution does not change when releasing the
cloud from the trap, and we have m(c)tof(p, t) = m
(c)
trap(p)
Momentum distribution - thermal
For the momentum distribution of a trapped thermal cloud, one can use the Bose-Einstein
distribution function as in the previous calculation,
m(th)trap(p) =
￿
d3r
(2πħh)3
1
e(εp (r )−µ)/kBT − 1. (2.26)
The solution of the integral is similar to the thermal density distribution in equation (2.13),
and one obtains
m(th)trap(p) =
1
(mωhoλdB)3
g3/2(e(µ−p
2/2m)/kBT ). (2.27)
In the limit εp(r )−µ￿ kBT , the Bose-Einstein distribution function approaches the Maxwell-
Boltzmann distribution, for which the momentum distribution is
m(th)trap(p) =
￿
d3r
(2πħh)3 e
(µ−εp (r ))/kBT
=
1
(mωhoλdB)3
e(µ−p2/2m)/kBT .
(2.28)
The limit εp(r )−µ￿ kBT has previously been applied for the thermal density distributions
by approximating g3/2(x) ￿ x . When neglecting interaction effects after the trap switch-
off, the momentum distribution of the thermal cloud does not change when the trapping
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Figure 2.3: Momentum widths in time of flight (a) along the x- and (b) the y-direction. The curves
correspond to a thermal cloud of 1µK temperature (red solid line), a BEC in the Thomas-Fermi limit
(blue long-dashed line) and a BEC with no interactions (black short-dashed line) — all with an atom
number of 106. The trapping frequencies are ωx =ωz = 209.2Hz and ωy = 18.3Hz. The BEC widths
along the y-direction are multiplied by a factor of ten for illustrative reasons.
potential is turned off. The time-of-flight momentum distribution equals the in-trap distribution,
m(th)tof (p, t) = m
(th)
trap(p).
Comparison
The momentum width is of importance for momentum transfer beam splitting in atom inter-
ferometry. For light-based momentum transfer, the change in kinetic energy and momentum
of the atom is carried away by the light fields involved. The momentum of the atoms sets a
condition on the frequencies of the two light fields in the beam splitter, due to the conserva-
tion of energy and momentum. A width in momentum of the atom cloud has an immediate
correspondence to the width of the difference frequency of the two light fields (in the case of
Raman beam splitting). For a momentum transfer of 2ħhk, where k = 2π/λ is the wavenumber
of the light field, a momentum width of ∆p corresponds to a width in frequency difference
of 2π∆ν = 2k/m×∆p. ∆ν can be more easily compared to experimental settings than the
original momentum width ∆p, as it is directly related to the frequencies of the two beam
splitter light fields.
All different momentum distributions are summarised in table 2.2. To compare the thermal
and the condensed distributions, we use the same parameters as in the previous two sections
(N = 106,ωx =ωz = 209.2Hz,ωy = 18.3Hz, temperature of the thermal cloud T = 1µK). We
calculate the central width (FWHM) of the momentum distribution, for example the x-width
for y = z = 0. ∆ν is graphed in the x- and the y-direction for a thermal cloud, a BEC in the
Thomas-Fermi limit and a non-interacting BEC in figure 2.3. For the Thomas-Fermi BEC, we
have used equation (2.24) in combination with the distributions in table 2.2 to calculate the
momentum widths. In figure 2.3(b) we have amplified the BEC widths in the y-direction by
a factor of ten for illustrative reasons; the actual widths are obtained by dividing the values
on the y-axis by ten. The momentum width of the Thomas-Fermi BEC in figure 2.3 grows
while mean field energy is converted into kinetic energy. Even after most energy has been
converted, the momentum width of the Thomas-Fermi BEC is significantly below that of a 1µK
thermal cloud. Quantitatively, this difference is a factor of about three in the x-direction and a
factor of 20 in the y-direction, clearly showing why Bose-Einstein condensates are potentially
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advantageous for beam splitting in atom interferometers. The momentum width of the BEC
with no interactions is lower by another factor of five (two) in the strong (weak) trapping
direction, in the asymptotic limit of long times of flight. In this limit and for the parameters
considered here, condensates with no interactions are in principle the preferred choice for
velocity selective beam splitters in atom interferometers.
A narrow momentum width ensures compatibility with the velocity selectivity of interfer-
ometric beam splitters. The addressable momentum width (i.e. the velocity selectivity) in a
multi-photon beam splitter cannot be increased to more than of the order of 2ħhk, as this is
where higher order momentum transfers and multiple 2ħhk transfers can become significant.
For 87Rb, this limit corresponds to a frequency width of ∆ν = 15kHz, and ideally the mo-
mentum width of the atomic cloud is kept well below that value. An interesting feature of
the momentum distributions is that the width of the interacting condensate lies below the
width of the noninteracting case at short expansion times. The effect is due to the mean field
interactions, which substantially increase the size of the condensate in the trap and thereby
lower the Heisenberg limit on the momentum width. When the condensate expands, mean field
interactions are converted into kinetic energy, and the interacting condensate width exceeds
the width of the case with no interactions.
2.3 Atom laser schemes
The previous section discussed the in-trap and time-of-flight densities and momentum dis-
tributions of thermal and Bose-condensed atomic clouds. The time-of-flight distributions
are produced by abruptly switching off the trapping potential, causing the whole cloud to
freely expand. Releasing atoms from the trap can be realised in a more controlled way, by
transferring atoms to an untrapped state without making changes to the trapping potential.
For Bose-condensed clouds, this technique is known as atom laser outcoupling and offers the
opportunity to either produce a pulsed atom laser or a quasi-continuous coherent atomic beam,
not unlike the coherent beam of photons generated by an optical laser. The differences between
pulsed and quasi-continuous atom laser operation are discussed in more detail in chapter 5.
Different atom laser outcoupling schemes offer precise control over both the flux and
the mode shape of the atom laser. For precision measurements, and atom interferometry in
particular, it is desirable to transfer the largest possible flux from the source Bose-Einstein
condensate to the atom laser beam. An optimal flux transfer to the atom laser requires an
efficient outcoupling mechanism, ideally involving only two states (trapped and untrapped)
and allowing for arbitrary outcoupling strength. Ultimately, the atom laser flux is limited by
the flux of the source Bose-Einstein condensate; we will not discuss such limitations in this
section, and the reader is referred to chapter 5. In addition to a large flux, it is crucial to
produce a spatially well-localised mode with a narrow momentum width, allowing for good
addressability both in position and momentum space. We will discuss different atom laser
outcoupling schemes in the following, pointing out advantages and disadvantages with respect
to flux and mode shape. The focus will be on free-space atom lasers. Guided atom laser
outcoupling techniques have been analysed for example by Guerin et al. [89] and Gattobigio
et al. [90] and will not be considered in much detail here.
The density and momentum distributions of expanding atom clouds have been analysed
quantitatively in the prior section. Considering the large number of different outcoupling
schemes, a complete analysis for atom lasers would be beyond the scope of this thesis. We will
instead discuss the advantages and disadvantages of different outcoupling mechanisms in a
qualitative way and quantify only the parameters substantial for atom interferometry and beam
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splitting. The discussion will focus on the atom laser flux and its mode shape (in particular the
momentum width), which are the properties crucial for applications in precision measurements
and atom interferometry.
2.3.1 Outcoupling schemes
Atom laser outcoupling schemes are commonly based on changing either the internal or
the external (momentum) state of the Bose-Einstein condensate functioning as a source for
the atom laser. For a Bose-Einstein condensate trapped in a magnetic trap, radio-frequency
outcoupling is generally the most straightforward technique of producing an atom laser.
The energies Ef ,mf of the atomic levels are split according to the first order Zeeman shift,
∆Ef ,mf = g f mf µBB. Coupling the different magnetic mf sublevels with electromagnetic
radiation (with frequencies in the radio frequency range for typical magnetic fields of the order
1− 10G) allows atoms to be transferred from a trapped state to an untrapped state. Atoms
in the untrapped state fall away from the trap under gravity and form the atom laser. The
momentum imparted onto the atom laser during the outcoupling process is negligible compared
to the momentum gained when falling under gravity over all length scales of interest here.
As opposed to radio-frequency based schemes, outcoupling based on multi-photon transitions
offer the opportunity to impart momentum to the atoms, affecting the spatial mode of the
atom laser and changing the outcoupling dynamics, as will be discussed later. In magnetic
traps, multi-photon coupling schemes are commonly realised via Raman transitions, and atoms
are transferred to an untrapped internal state. Such schemes have been realised within one
[91, 92, 93] or between two [94] of the ground state hyperfine manifolds of 87Rb atoms,
using one or several two-photon transitions, allowing for a wide range of different atom laser
outcouplers.4
In Bose-Einstein condensates trapped in optical dipole traps, one generally cannot use
the internal level structure as a basis for an outcoupling mechanism. As long as they are not
tuned to very specific wavelengths, the potentials produced by far-detuned optical dipole traps
depend only weakly on the internal state of the atom. Outcoupling an atom laser from a
dipole potential can be realised by reducing the height of the potential, applying a magnetic
field gradient [90] or imparting momentum to the atoms (using Raman or Bragg transitions),
allowing them to overcome the barrier of the trapping potential. In the following discussion,
we will differentiate between the effect of changing the internal or the momentum state during
the outcoupling process.
Two-state vs. multi-state couplers
An outcoupling mechanism for an atom laser by definition includes at least two states, the state
of the source condensate and the state of the atom laser. For freely propagating atom lasers this
corresponds to the trapped and the untrapped state. It is generally desirable to restrict oneself
to such a two-state system. The population of more than two states can lead to complicated
dynamics during the outcoupling process, reducing the flux of the atom laser. Much of the
experimental work on atom lasers has been done using 87Rb, and the ground states are the f = 1
and f = 2 hyperfine manifolds, comprising three and five magnetic sublevels respectively. The
supposedly simplest outcoupling mechanism from a dc magnetic trap is coupling neighbouring
4It should be noted that radio frequency outcoupling mechanisms are comparatively straightforward to
experimentally implement, as they only require a radio frequency source and an antenna in their simplest version.
Raman or Bragg outcoupling with momentum transfer is substantially more complex. Amongst others, it requires
two phase-locked laser beams of sufficient stability to controllably address the Bose-Einstein condensate.
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Zeeman states within one hyperfine manifold either with radio frequency or Raman transitions,
i.e. driving transitions | f ,mf 〉 → | f ,mf ± 1〉. For small magnetic fields (small enough for the
quadratic Zeeman shift to be much less than the linewidth of the transition), neighbouring
transitions are degenerate and all levels within a hyperfine manifold are coupled to their
neighbouring level. Such behaviour has been studied both experimentally and theoretically
[95]. The coupling in such multilevel systems can be complicated due to the existence of
intermediate trapped states, leading to spatial dynamics within the trap, or due to coupling
to anti-trapped states which represent a loss channel for the atom laser system. There have
been significant and successful efforts to produce a pure two-state atom laser. Techniques to
achieve this aim include the use of large magnetic fields and the quadratic Zeeman effect [96],
microwave coupling between the two hyperfine manifolds [97] and Raman coupling [94],
also between the hyperfine manifolds. The latter method includes the significant advantage
of using a multi-photon transition to couple the different states, imparting momentum to the
atoms and increasing the achievable flux of the atom laser. While a pure two-state coupler is
certainly not a disadvantage, it should be pointed out that there are cases where a multi-state
system does not present a drawback. As an example, a radio frequency coupled three-state
system formed by the f = 1 hyperfine manifold of 87Rb has been shown to produce the same
atom laser flux in the weak coupling limit as a comparable two-state system [95].
Imparting momentum
Along with the internal level structure, the manipulation of the external (momentum) state
during the outcoupling process is a possible way to affect the properties of an atom laser.
Whereas purely radio frequency or microwave based outcoupling mechanisms do not provide
a significant momentum transfer to the atomic state, the use of multi-photon Raman or
Bragg transitions allows for an adjustable momentum imparted to the atoms. The main
consequence is a reduced interaction time of the atom laser with the source condensate.
Without momentum transfer, atoms are accelerated by gravity and the source condensate mean
field potential, starting at zero velocity immediately after the outcoupling process. By using
momentum imparting outcoupling processes, interaction times with the source condensate can
be significantly reduced, leading to two main effects:
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Figure 2.4: Outcoupling beam orientation and level scheme for different atom laser Raman outcoupling
schemes, as in [92]. (a) and (b) show two possible combinations of orientation and polarisation of
the Raman beams, and the resulting atom laser beam. The black transitions in the level scheme (c)
represent a true two-state outcoupler as depicted in (a). The blue transitions correspond to a three-state
coupler as in (b).
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An increase in flux due to a faster drain of atoms in the untrapped state from the coupling
region. A faster initial velocity of the atom laser reduces the rate at which atoms are
coupled back into the source condensate. Ideally, one wants the coupling process to be
fully irreversible. In the case of atom laser outcoupling from a magnetically trapped BEC,
this requires a short interaction time and a low coupling Rabi frequency. This point will
be discussed more quantitatively in section 2.3.2.
A reduction in transverse momentum spread due to a shorter interaction time with the
mean field potential. For atom lasers outcoupled from magnetic traps, the transverse
momentum spread is mainly defined by the interaction of the atom laser with the mean
field potential of the source condensate while the atom laser is leaving the trapping
region. As further discussed in section 2.3.3, a short interaction time with the condensate
is desirable to minimise the transverse momentum spread.
Figure 2.4 illustrates a typical momentum transfer outcoupling scheme. A Raman atom laser
can be produced using different orientations and polarisations of the coupling beams. The
scheme in figure 2.4(a) depicts the desirable situation of a two-state coupler with momentum
transfer, as presented in [92, 94]. Figure 2.4(b) shows a multi-state Raman coupling scheme.
2.3.2 Instantaneous flux of an atom laser
Precision measurements critically depend on the signal-to-noise ratio on the detected signal.
Maximising the flux of a precision measurement device based on an atom laser is crucial to
optimising the signal-to-noise. Two major factors limiting the average flux of modern atom
lasers are the achievable duty cycle and the number of atoms per run in the Bose-Einstein
condensate functioning as the source for the atom laser. The achievable average atom laser flux
is identical to the flux discussed in section 2.2.1, of the order of 105 atoms/s in 87Rb. Chapter
5 discusses potential ways to overcome this limit, i.e. a path towards a continuous atom laser
source. In this section, we will focus on the instantaneous flux that can be extracted from a
Bose-Einstein condensate once it has been produced. By instantaneous flux we mean the flux
of the atom laser averaged over time scales of the order of its operation time, not taking into
account the dead time between two consecutive runs. The problem will be treated in analogy
to [92, 98], differentiating between the weak and the strong coupling limit.
Weak coupling limit
In the limit of weak coupling, the outcoupling process of atoms from the Bose-Einstein
condensate is irreversible. Atoms are transferred into the atom laser without being coupled
back into the source, naively speaking because they leave the coupling region before being able
to Rabi cycle back into the source state. The rate of transfer Γ(E) can be determined through
Fermi’s golden rule [98, 99], giving
Γ(E) =
πħh|Ω|2
2
ρ(E)
￿￿￿￿￿ d3rφBEC(r )φal(E, r )￿￿￿￿2 . (2.29)
The density of states is described by ρ(E), and Ω is defined as the angular Rabi frequency for
the coupling of the source and atom laser state. φBEC(r ) is the spatial wave function of the
source condensate and φal(E, r ) the spatial wave function of an atom laser state of energy E. It
has been shown that a clean quasi-continuous beam can be produced in this limit [100, 101].
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Strong coupling limit
The instantaneous flux of an atom laser beam cannot be increased arbitrarily, as in the limit
of strong coupling, the coupling process is reversible. Strictly speaking, it is meaningless to
refer to outcoupling in this limit, as atoms are coupled equally out of and into the source
condensate. It is in general desirable to work in the weak coupling limit, where atoms are
transferred from the source into the atom laser only. An analysis of the strong coupling limit
is useful to understand phenomena that happen in the transition regime between weak and
strong coupling. An insightful description can be given in terms of a semi-classical two-level
model, restricted to one dimension. We follow the discussion by Debs et al. in [92] and write
the Hamiltonian (for outcoupling from a magnetic trap) in the basis of the source condensate
state |t〉 and the atom laser state |u〉, in a frame rotating at the coupling field frequency ω,
Hˆ =
￿
δ(z) Ωtu
Ωtu 0
￿
. (2.30)
The rotating wave approximation has been applied for the derivation of this Hamiltonian.
Kinetic energy terms are neglected. δ(z) is the position-dependent detuning of the drive
frequency relative to the atomic resonance and given by ħhδ(z) = mω2z z2/2+ħhω0−ħhω. Here,
ωz is the trapping frequency of the magnetic trap in direction of gravity, and ω0 the resonance
frequency at the magnetic field minimum. Ωtu is the Rabi frequency quantifying the coupling
of the two states |t〉 and |u〉. Pointwise diagonalisation of the Hamiltonian H yields the dressed
states as eigenstates |+〉 and |−〉, and the corresponding eigenenergies give the potentials
V±(z) =
ħh
2
￿
δ(z)±￿δ(z)2 + 4Ω2tu￿−mgz, (2.31)
where gravity has been included for completeness. While the state |+〉 is always bound (V+(z)
has a local minimum), whether or not |−〉 is bound depends on the trapping frequency ωz , see
[92]. For a fully adiabatic time evolution of the coupling field, the population of the trapped
source condensate state |t〉 is completely transferred to the bound state |+〉, and hence no
outcoupling is possible. When the atom laser outcoupling radiation is not switched adiabatically,
but suddenly, the state |t〉 is projected onto the dressed state basis at the beginning of the
outcoupling, leaving the atoms in a superposition of the bound state |+〉 and the (we assume
for now) unbound state |−〉. When the outcoupling radiation is switched off, the remaining
population in |+〉 is projected onto the basis given by |u〉 and |t〉. This regime does not allow
for the operation of a continuous atom laser, and one observes one cloud of atoms at the
beginning and one at the end of what would be the atom laser beam. This effect is commonly
known as the atom laser bound state and sets a limit on how fast atoms can be outcoupled
from a Bose-Einstein condensate. For a radio frequency outcoupling scheme (i.e. one that does
not transfer momentum to the atom laser), the condition for strong coupling is given by
Ωtu ￿ 3
￿
2ω2z |ω−ω0|
π2
(2.32)
For outcoupling from the centre of an 87Rb | f = 1,mf = −1〉 condensate in a QUIC trap as
presented in section 2.4 (trapping frequencies {ωx ,ωy ,ωz}= 2π× {209.2,18.3,209.2}Hz),
equation (2.32) reads Ωtu ￿ 2π× 380Hz. There is a broad intermediate regime for which
neither the weak nor the strong coupling regime apply. Atom lasers in the intermediate regime
typically show bound state related effects without fully suppressing the continuous beam. We
can use equation (2.32) to estimate the atom laser flux achievable before entering the strong
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coupling limit. Ωtu = 2π× 380Hz defines the power broadened width of the transition, which
relates to the spatial width along gravity ∆z of the outcoupling region in the trap via the
magnetic field geometry. By integrating over a rectangular outcoupling volume with width ∆z
along gravity, we approximate the number of atoms Ncpl within the outcoupling region for a
condensate of 106 atoms and the trap parameters from section 2.4. An estimate of the flux is
given by Ncpl×Ωtu/2π, and we obtain an achievable instantaneous flux of 1.4× 107 atoms/s.
The instantaneous flux decreases when the condensate is depleted during the outcoupling
process and can be improved by increasing the original number of atoms in the condensate.
2.3.3 Mode shape
A clean mode shape with a narrow momentum width of the atom laser is desirable with
regard to a number of topics related to this thesis. Firstly, it has been previously discussed that
interferometric beam splitters are velocity selective and a narrow momentum width increases
the efficiency of the coupling. Secondly, the pumping scheme presented in chapter 5 relies
critically on a momentum resonance, and a narrow momentum width of the atom laser is
crucial. Finally, for probing experiments as discussed in chapter 6 one ideally wants a single
momentum state of the atom laser, in addition to a well-defined spatial localisation which
depends critically on the momentum width.
Detailed studies of the spatial mode and the momentum width of an atom laser have
been performed by Jeppesen et al. [100] and Riou et al. [102]. A fundamental limit for
the momentum width ∆px of an atom laser is given by the Heisenberg limit ∆x∆px ≥ ħh/2,
where ∆x is the beam width at the waist of the atom laser. In the case of repulsive atomic
interactions, the atom laser waist is typically situated above the source condensate [100].
In a trapped Bose-Einstein condensate, ∆x corresponds to the spatial extent of the trapped
cloud and is of the order of the Thomas-Fermi radius rTF. Reducing the Heisenberg limit
on the momentum width can be achieved by producing a BEC in a trap with lower trapping
frequencies, increasing the spatial extent of the cloud. However, the Thomas-Fermi radius
only scales weakly with the trapping frequency, rTF ∝ ω−2/5. The Heisenberg limit for a
condensate of N = 106 atoms in a QUIC trap as presented in section 2.4 — for trapping
frequencies {ωx ,ωy ,ωz} = 2π× {209.2,18.3,209.2}Hz — gives a frequency width (FWHM)
of ∆νx ,z ￿ 1kHz in the strong and ∆νy ￿ 100Hz in the weak trapping direction. The
Heisenberg limited momentum width is in both directions more than one order of magnitude
below the asymptotic time-of-flight width of a Thomas-Fermi condensate (see section 2.2.4,
∆νx ,z ￿ 22kHz and ∆νy ￿ 3kHz), which is strongly affected by mean field interactions. The
maximum momentum width addressed by a two-state interferometric beam splitter is of the
order of 15kHz, and the Heisenberg limited widths are well below this value.
The Heisenberg scaling of the atom laser momentum width is only valid if other sources of
broadening can be neglected. This is generally not the case, and at the typically large densities
of Bose-Einstein condensates, interaction effects play a dominant role. When outcoupling an
atom laser, it propagates through part of the source condensate, and the mean field potential
of the condensate alters its momentum width [96, 97, 102, 103, 104]. In analogy to optical
beams [105], one can define the atom laser beam quality factor [102]
M2 =
2
ħh∆x∆px . (2.33)
A Heisenberg limited beam by definition has a quality factor of M2 = 1, and the (positive)
deviation from that value gives a measure of the atom laser beam quality. It has been shown
that interactions strongly effect the beam quality of an atom laser [96, 102, 103, 104]. A
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quality factor of M2 = 1.4 has been achieved by Jeppesen et al. [100]. The effect of interactions
on the beam quality of an atom laser can be reduced in a variety of ways.
Outcoupling from the lower edge of the condensate makes it possible for the atom laser
to hardly interact with the source condensate at all, as the region of the condensate
it travels through is significantly reduced [102, 104]. Disadvantages of this method
are the lower achievable flux due to the the lower atomic density at the edge of the
condensate and the need of a constant readjustment of the outcoupling frequency due to
the shrinking of the source condensate during the coupling.
A reduction of the interaction time with the source is possible by imparting momentum
to the atom laser during the outcoupling process. As shown in [93, 100], Raman
outcoupling processes can improve the beam quality factor. A beam quality factor of
M2 = 1.4 has been shown to be possible [100] with a two-photon Raman outcoupling
process, as compared to M2 = 2.2 for a comparable radio-frequency based atom laser.
The remaining difference from the ideal case M2 = 1 can be attributed to the non-
Gaussian shape of the source condensate wave function.
Tunable interactions offer the opportunity to affect both the influence of the source cloud
onto the atom laser and the behaviour of the freely propagating atom laser itself. Self
focussing of the atom laser can potentially be achieved with attractive interactions,
leading to a far-field beam width below the Heisenberg limit. Tunable interactions
require the use of an element with an accessible Feshbach resonance, and for example
85Rb is a good candidate [106, 107, 108].
The above discussion of the effect of interactions during and shortly after the outcoupling
process concentrates on the effects in magnetic traps. When outcoupling via Bragg or Ra-
man transitions from an optical dipole trap, the atom laser state experiences (approximately)
the same trapping potential Vext(r ) as the source condensate. The outcoupling process is
purely caused by the increased energy due to the photon momentum transfer. The den-
sity distribution of the source condensate in state |t〉 is in the Thomas-Fermi limit given by
nt(r ) = [µ− Vext(r )]/gt t in the region of the condensate, and nt(r ) = 0 outside that region.
gt t = 4πħh2at t/m quantifies the interaction strength between two atoms in state |t〉. The
potential experienced by the outcoupled atom laser in state |u〉 is
V (r ) = Vext(r ) +
gtu
gt t
max[µ− Vext(r ), 0]. (2.34)
The interaction strength between states |t〉 and |u〉 is gtu. When gtu = gt t , which is to a
good approximation fulfilled for the interaction strengths of all 87Rb hyperfine ground states,
V (r ) = µ in the region of the condensate, and the atom laser does not experience a net
potential here. The trapping potential is cancelled by the mean field potential. Potentially
lower momentum widths are hence achievable when outcoupling from optical dipole traps
compared to magnetic potentials.
2.3.4 Comparison to expanding BECs
In section 2.2, we discussed the major differences between thermal sources and expanding
Bose-Einstein condensates for applications in atom interferometry. As an alternative to the
expanding condensate, sophisticated atom laser outcoupling schemes allow for the control of
several parameters crucial for atom interferometric experiments. It is worthwhile making a
comparison between the properties of expanding BECs and freely propagating quasi-continuous
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atom lasers. First of all, the achievable average flux is within the limits of modern experiments
identical in both cases. It is limited by the condensate size and the repetition cycle of the
experimental apparatus and lies significantly below the flux in thermal interferometers (see
section 2.2.1). Unlike the flux, the density differs substantially between an expanding BEC and
an atom laser. For the free expansion of a BEC after to a sudden trap switch-off, the in-trap
density evolves largely due to the mean field interactions when the condensate is released from
the trap. In an atom laser scheme, the same number of atoms is controllably outcoupled from
the trap over a longer period of time (of the order ∼ 10− 100ms), allowing a reduction in
density while maintaining the same average flux. Atomic interactions and related dephasing
mechanisms are reduced in an atom laser due to the lower densities. The most common way
for mean field interactions to affect the properties of an atom laser is via the interactions of the
outcoupled beam with the source condensate [100, 102]. In fact, the momentum distribution
in an atom laser can be dominated by this mechanism. By operating in a regime where the
influence of the source condensate mean field potential is minimised, transverse momentum
widths as low as a factor of 1.4 above the Heisenberg limit (see section 2.3.3) have been
achieved [100]. For the parameters considered in the discussion of section 2.2 (atom number
106, trapping frequencies ωx =ωz = 209.2Hz and ωy = 18.3Hz, thermal cloud temperature
1µK), these momentum widths are one order of magnitude below the asymptotic momentum
widths of an expanding BEC. Compared to an expanding thermal cloud, the momentum width
of a freely propagating atom laser is lower by more than one order of magnitude along the
strong and more than two orders of magnitude along the weak trapping direction. The low
momentum width and atomic interactions seem to suggest the use of an atom laser instead of
an expanding BEC as a Bose-condensed source in atom interferometric experiments. However,
one ideally requires all interferometric elements to address the whole atomic sample. For a
quasi-continuous atom laser, one possibility to achieve this goal is the implementation of beam
splitters and a detection scheme which interact homogeneously with the spatially extended
atom laser beam. Alternatively, the beam splitters and detection stage can be operated quasi-
continuously, on the same time scales as the atom laser outcoupling. Both schemes are likely
to be more complex and introduce additional sources of uncertainty compared to the simpler
source of an expanding Bose-Einstein condensate, where all interferometric elements can
address a well-localised cloud on short time scales.
2.4 A stable magnetic trap for precision measurements
A Bose-Einstein condensate in a magnetic potential is the starting point for almost all measure-
ments presented in the context of this thesis. The BEC is the source for precision measurements
and atom interferometry, and it is essential to optimise the stability of the trap. Although in a
perfect environment, trap instabilities do not necessarily affect the result of an atom interfero-
metric experiment, there are in practice a large number of ways for fluctuations of the trap
position and condensate number to couple to the interferometer performance. For example, a
possible channel for trap position fluctuations to couple to a free-space interferometer is via the
interferometric beam splitters, which are localised in space and whose population transfer thus
depends on the spatial position. As part of this thesis, a stable QUadrupole-Ioffe Configuration
(QUIC) trap was designed and built. The quantum projection noise limited interferometer in
[109] was realised using this trap.
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2.4.1 QUIC traps
The most straightforward way to built a magnetic trap for atoms is using a pair of coils with
current in opposite directions, resulting in a magnetic quadrupole field. Such a trap has a
magnetic field minimum at its centre and can trap atoms of sufficiently low temperature in
a low-field seeking internal state. However, a quadrupole trap by itself is not suitable for
BEC production as the vanishing magnetic field at its centre causes nonadiabatic spin-flips
[110, 111], leading to a loss of atoms from the trap. This loss is particularly enhanced when
approaching low temperatures during the cooling stage, as the average time an atom spends at
the centre of the trap is increased. To circumvent this problem, time-orbiting potential [111]
and Ioffe [112, 113, 114] traps have successfully been implemented. The quadrupole-Ioffe
configuration with the production of a Bose-Einstein condensate in the trap was first realised
by Esslinger et al. [115]. A standard QUIC trap consists of a pair of quadrupole coils in
combination with an Ioffe coil. The Ioffe coil avoids nonadiabatic spin flips by changing
the quadrupole potential to a harmonic potential with a non-zero bias field at the energetic
minimum of the trap. The main advantages of QUIC traps are its incomparable simplicity (it
consists of only three static dc coils) and the low power consumption.
2.4.2 Trap design
In the standard QUIC trap design (see e.g. [115, 116]), the diameter of the Ioffe coil is
significantly below that of the quadrupole coils. This is because the axial (along the axis of
the Ioffe coil) curvature of the field (and thus the axial confinement) scales as 1/R3io, where
Rio is the radius of the Ioffe coil. A small Ioffe coil radius is generally desirable. In our design,
we nonetheless choose an Ioffe coil of size equal to that of the quadrupole coils. We lose in
axial trapping frequency, but gain two major advantages. Firstly, the large inner diameter of
the Ioffe coil allows optical access along the axis of the coil. Secondly, we expect the stability
of the trap to improve. As all coils have the same dimensions, run at the same current and are
provided with identical cooling mechanisms, the heating rates are the same and temperature
gradients within the mounting assembly are minimised. We aim to achieve a good suppression
of anisotropic thermal expansion in the mounting assembly.
We design and optimise the trap parameters using BiotSavart [117], a commercial software
tool for the simulation of magnetic fields produced by three-dimensional assemblies of current
carrying conductors. The trap is optimised to produce the maximum trapping frequencies.
Figure 2.5: (a) Side and (b) top view of the QUIC trap. All coils are mounted on water-cooled
aluminium blocks. The water connections can be seen on the right hand side of the pictures. The
position of the Ioffe coil is precisely controlled with polyoxymethylene spacers (black).
2.4 A stable magnetic trap for precision measurements 53
Quadrupole coil
(upper)
Quadrupole coil
(lower)
Ioffe coil
x-position 0mm 0mm 0mm
y-position 0mm 0mm 37.67mm
z-position 21.6mm -21.6mm 0mm
Inner radius 5.0mm 5.0mm 5.0mm
Outer radius 28.5mm 30.0mm 32.0mm
Length 14.0mm 13.5mm 13.5mm
Windings 198 198 208
Table 2.3: Measured
parameters of the
three coils forming
the QUIC trap. The
y-axis is defined as
the Ioffe coil axis, the
z-axis is along grav-
ity. The origin is
at the centre of the
quadrupole trap. The
Ioffe y-position is in-
ferred from the mea-
sured trap bias field.
Constraints are the equality of the dimensions of the three coils, the minimum distance between
the coils (determined by the vacuum glass cell and the coil dimensions) and the maximum
current of 25A to avoid overheating. We build the trap to the designed specifications, winding
the three coils separately and gluing them to aluminium plates5 which are water cooled to
18◦C. The coils are wound using 1.3mm diameter round enamel-coated copper wire. The
three mounted coils are connected to a rigid assembly via non-magnetic stainless steel screws
and polyoxymethylene spacers. The spacers allow for precise control of the position of the Ioffe
coil. The occurrence of eddy currents is reduced through appropriate slitting of the aluminium
plates and electric insulation of the mechanical connections where necessary. The mechanical
assembly of the trap is shown in figures 2.5 and 2.6; the parameters of the coils are summarised
in table 2.3. The coils are connected in series, with a MOSFET switch in parallel with the Ioffe
coil. This allows the operation of a pure quadrupole trap and a smooth transfer to the QUIC
configuration.
Figure 2.6: (a) QUIC trap design and (b) experimental implementation. The trap consists of three coils
of nearly equal parameters on one rigid mounting assembly. As opposed to common QUIC traps, the
heating rates of the different coils are identical, minimising temperature gradients in the mounting
assembly.
5Both the winding and the attachment to the aluminium plates are done using high thermal conductivity epoxy
(Duralco 132).
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Figure 2.7: Absolute mag-
netic field (simulated, in
G) in a cross sectional
plane at x = 0. The slight
vertical asymmetry of the
potential is due to the dif-
ference in coil shape be-
tween the upper and the
lower quadrupole coil. In
addition to the absolute
magnetic field minimum at
the position of the trap,
there are two local minima
that can lead to a loss of
atoms during the cooling
process.
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2.4.3 Magnetic potential
We measure the dimensions of the trap and put the geometry into the BiotSavart simulation
to model the potential produced by the trap. The trapping potential is highly sensitive to
the y-position (along the Ioffe coil axis) of the Ioffe coil (at the 10µm level), and we cannot
directly measure it with sufficient accuracy. Instead, we measure the bias field at the potential
minimum and adjust the y-position in the simulation to produce the measured bias field. The
bias field is inferred from measuring the atom laser outcoupling resonance frequency ωal, via
g f µBBbias = ħhωal− 12mω
2
z z
2
sag, (2.35)
where ωz is the trapping frequency in the direction along gravity, and zsag quantifies the
gravitational sag of the atoms trapped in the magnetic potential. We measure the resonance
frequency at ωal = 1.055MHz (at a current of 19.2A) and infer a bias field of 1.50G. A cross
sectional plot of the absolute magnetic field in the y-z-plane (at x = 0) is shown in figure
2.7. There is a slight vertical asymmetry in the field that can be explained by the different
dimensions of the upper and the lower quadrupole coil. The two local field minima to the
right in figure 2.7 can lead to a loss of atoms from the QUIC trap during the cooling stage.
In principle, the loss can be avoided by pre-cooling the atoms in the quadrupole trap before
ramping up the current in the Ioffe coil.
Trapping frequencies
The trapping potential that the atoms see once they have reached sufficiently low temperatures
can be approximated by a harmonic potential, characterised by the trapping frequencies ωx ,
ωy and ωz . We write the potential as
Vtrap(r ) = g f mf µBB(r )−mgz = V0 + 12m
￿
ω2x x
2 +ω2y y
2 +ω2z (z − zsag)2
￿
, (2.36)
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Figure 2.8: Measurement of trapping frequencies (a) along the strong and (b) along the weak axes of
the trap. The red lines are least square (a) Gaussian and (b) sinusoidal fits to the data to determine the
trapping frequencies. We measure values of ωx ,z = 2π× (209.2± 0.1)Hz and ωy = 2π× (18.3± 0.1)
respectively.
where ωx = ωz in a trap with cylindrical symmetry as the one presented here. Knowing
the trapping frequencies accurately is important for a characterisation of the behaviour of
atomic clouds, in particular Bose-Einstein condensates, in the trap. We determine the simulated
trapping frequencies in each direction separately from one-dimensional cross sections through
the centre of the trap. We perform a quadratic fit to the central region of the potential and
find ωx = 2π× 218.8Hz, ωy = 2π× 18.0Hz and ωz = 2π× 218.5Hz for 87Rb atoms in the| f = 1,mf = −1〉 state. The small deviation from cylindrical symmetry can be attributed to the
slight difference in shape of the upper and lower quadrupole coil.
The calculated trapping frequencies should be regarded as estimates, and the true trapping
frequencies have to be determined from the experiment. The atoms are used to probe the
potential, and there are two ways the trapping frequencies can be conveniently measured in
our setup. To measure the strong trapping frequency, we use an antenna to drive transitions
between the evenly spaced levels of the harmonic potential. Driving a cold cloud of atoms on
resonance (at the trapping frequency) leads to an observable increase in temperature. The
position of this resonance gives a measure of the strong axis trapping frequency (figure 2.8(a)),
and we obtainωx ,z = 2π×(209.2±0.1)Hz. For a measurement of the weak (along y) trapping
frequency, we displace the cloud in the y-direction using an additional coil that is switched
on for a short time and deforms the magnetic potential. After switching the coil back off, we
observe the sloshing movement of the cloud along y and determine the trapping frequency
to ωy = 2π× (18.3± 0.1)Hz, see figure 2.8(b). The difference between the measured and
simulated trapping frequencies can be attributed to the remaining inaccuracy when measuring
the trap dimensions.
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Chapter 3
Optimising detection of BECs and
atom lasers
It is the goal of this thesis to investigate the potential of Bose-condensed sources for applications
in precision measurements and atom interferometry. The detection is a critical stage in the
setup of every atom interferometer, and Bose-Einstein condensates offer possible advantages
compared to the commonly used thermal sources. It is critical to build a detection setup
which is sensitive to the two states of the interferometer. Typical free-space thermal atom
interferometers achieve state-selective detection by fluorescence imaging of atoms in different
internal atomic states falling through spatially separated light sheets [80]. Such a technique is
preferentially used due to the large spatial extent and low optical depth of the atomic clouds at
the time of the detection. Bose-Einstein condensates can have significantly lower momentum
widths than thermal clouds, leading to a lower expansion rate when released from a trapping
potential. In most cases, the momentum width is dominated by the mean field energy that is
converted to kinetic energy when releasing atoms from the trap. The lower expansion rates
combined with the achievable initial atomic densities in trapped BECs result in a measurable
optical depth, even after expansion times of the order of 100ms, making absorption imaging
a viable technique for BEC-based atom interferometers. Furthermore, the smaller sizes of
Bose-Einstein condensates facilitate the spatial separation of the two output states before the
detection, allowing for the implementation of state-sensitive detection for purely external
state interferometers. State-sensitive detection schemes without spatial separation rely on
different internal states at the interferometer output ports, introducing a sensitivity to relative
fluctuations of the two interferometer states, for example via the differential ac-Stark shift.
The quantity that is detected in an atom interferometer is the atom number at different
output ports. A fundamental limit to the achievable detection performance is given by the
quantum projection noise, which is closely linked to atomic shot noise and depends solely on
the atom number N ; it is proportional to
￿
N . For a quantum projection noise limited detection
stage, one needs to ensure a situation where all other noise sources are sufficiently suppressed
such that the quantum projection noise is the dominant noise source. The quantum projection
noise limit can be overcome by using squeezed states [118], and Bose-Einstein condensates are
an excellent choice to achieve squeezing in an interferometer [31, 32]. This chapter will not
discuss squeezing schemes, but analyse different aspects of detecting Bose-condensed atoms. It
deals with the means we use to ensure the most accurate and precise atom number counting
on the basis of absorption imaging. After giving a short introduction to the principle and the
formulae used for absorption imaging, we discuss the noise sources that need to be considered
to achieve the best possible signal-to-noise ratio on the detection output. The main part of
that discussion is the minimisation of the noise inherent to every light based atom detection
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scheme — photon shot noise. Numerical simulations have been performed as part of this thesis
to optimise the imaging parameters in a given experimental setup. We ensure accuracy of the
atom number detection by making a careful calibration measurement of the atom number in
a Bose-Einstein condensate. Finally, we describe two different two-state detection methods
that are used for the experimental results presented in chapter 4. It is crucial to detect the two
interferometric states separately to ensure insensitivity to run-to-run fluctuations in the total
atom number. Two-state detection allows for normalisation of the output signal and eliminates
a direct dependence on the overall atom number.
3.1 Basics of absorption imaging
The technique of absorption imaging is based on the shadow cast by a cloud of atoms when
illuminated by a near-resonant light field [76]. A sequence of images (at minimum two: one
with and one without atoms) is taken using a CCD camera. Analysis of the images allows
one to infer the optical density and the number of atoms present in the imaged cloud. The
scattering cross section σ quantifies the atom-light interaction, and we have [67, 119]
σ =
σ0
1+
￿
2∆im
Γ
￿2
+
￿
I
Isat
￿2 . (3.1)
The resonant cross-section is given by σ0 = 3λ2/2π for a light field of wavelength λ. ∆im and
Γ are the detuning of the imaging light from the atomic resonance and the atomic linewidth,
respectively. The imaging intensity is given by I; the saturation intensity is Isat. Generally, an
imaged atom interacts with several photons while the image is taken, and the use of a closed
atomic transition makes absorption imaging an easily quantifiable detection technique. For
the case of 87Rb, we use circularly polarised light on the | f = 2,mf = 2〉 → | f ￿ = 3,mf ￿ = 3〉
transition (figure 3.1). The only decay path from the excited | f ￿ = 3,mf ￿ = 3〉 state is back to
the original state, and imaging of the | f = 2,mf = 2〉 state can be easily quantified. For atoms
with different magnetic quantum number, mf ￿= 2 (still within the f = 2 hyperfine manifold),
the circularly polarised imaging light effects an optical pumping towards the | f = 2,mf = 2〉
state (see figure 3.1). After an average of four (when going from mf = −2 to mf = 2) scattered
imaging photons per atom, the atoms are in the | f = 2,mf = 2〉 state. This is important
because the scattering cross section and thus the amount of imaging light absorbed by the
atoms depends on the mf magnetic substate of the atoms. Only in the limit where the number
of pump photons is significantly smaller than the number of photons scattered on the imaging
transition, this effect can be neglected. In typical absorption images analysed in the course of
this thesis, the number of scattered photons is well above one hundred, while the number of
pump photons is well below ten on average. Finally, we want to be able to image atoms not
only in the f = 2 but also in the f = 1 ground state hyperfine manifold. For this purpose, we
employ a repump pulse resonant with atoms in the f = 1 states immediately before the image
is taken, leaving all atoms in the f = 2 manifold where they can be detected by the imaging
light.
The standard technique to normalise out technical noise on the absorption image relies on
taking two images. The first picture contains the information about the atoms as quantified
by equation (3.1). The second picture is a background image without atoms and otherwise
identical settings. Dividing the signal of the two pictures gives a measure of the spatial
distribution of the optical depth. Using equation (3.1) and dI/dx = −Iσn, where n(r ) is the
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Figure 3.1: Level diagram for
absorption imaging in 87Rb.
Imaging light is applied on the
| f = 2,mf = 2〉 → | f ￿ = 3,m￿f = 3〉
transition. The repumping light
can transfer all atoms into the
f = 2 manifold before the image is
taken.
atomic density, one gets for the light intensities in the atom (I) and the background (I0) picture￿
1+
￿
2∆im
Γ
￿2￿
log
I0
I
+
I0− I
Isat
= σ0
∞￿
−∞
n(r )dx , (3.2)
where positive x is the direction of the imaging beam. Assuming small pixel dimensions px ,
one can approximate the intensities to be constant over one pixel. In this limit, integrating
equation (3.2) over the size of one pixel1 gives the atom number per pixel:
Npx = c0
￿
L log
I0
I
+
I0− I
Isat
￿
. (3.3)
Constants are combined in c0 = 2π(px)2/(3λ2M2) and L = (4∆2im+Γ
2)/Γ2. The magnification
of the imaging system is given by M . For a single imaging lens, M = di/do, with di and do the
distances of the image and the object plane from the lens. di and do are related by the lens
equation 1/di + 1/do = 1/ f [120], where f is the focal length of the imaging lens. The total
atom number is calculated by summing equation (3.3) over the pixels within a well defined
region of the CCD chip.
3.2 Noise sources
The aim of the imaging system is an accurate and precise detection of the parameters of
the atomic clouds. The most important parameter in the context of this thesis, particularly
when considering atom interferometry, is the atom number. We will focus our discussion on
the accuracy and precision of the measured number of atoms present in the image. Spatial
effects such as blurring due to movement of the atoms during the image are not discussed;
they are considered in more detail in [121]. In this section, we will analyse the main noise
sources limiting the precision of the atom number measurement. Section 3.3 shall present an
independent atom number calibration method, ensuring accuracy by setting an upper limit for
systematic uncertainties in number counting.
1The pixel size (px)2 is equivalent to an area of size (px)2/M2 at the position of the atoms.
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3.2.1 Classical noise
There is a large number of possible classical noise sources in absorption pictures such as
readout noise or dark counts of the CCD camera chip. These contributions are negligible
in our setup and will not be considered here. In general, the negligence is valid when such
technical noise sources contribute significantly less than the more fundamental noise sources
like photon shot noise and quantum projection noise, as is the case in our setup. The main
classical noise source in the experiment is noise caused by interference fringes on the imaging
light. Such fringes appear at a large range of spatial frequencies and are generally due to
reflections and stray light interferences, caused by optical elements that are not anti-reflection
coated or dust particles. Under the right conditions, the presence of interference fringes is not
necessarily a problem, as the number counting in equation (3.3) involves the normalisation
through a background picture. However, the normalisation procedure requires the interference
fringes to be identical in the atom and the normalisation picture. Often, the fringes are highly
sensitive to movement of optical elements in the beam path, and it has to be ensured that no
discernible movement happens at frequencies faster than the inverse of the time between the
atom and the normalisation picture. If one neglects the second term in the sum of equation
(3.3), intensities of the order of the saturation intensity or higher cause interference fringes
in the picture (i.e. spatial intensity variations) to be imprinted onto the atom number count.
The term proportional to (I0− I)/Isat in principle compensates for this effect. However, it is
not normalised and requires the knowledge of the absolute intensities at the position of the
atoms, and it is important to determine which interference fringes are caused before and which
ones are caused after the imaging light interacts with the atoms. It is crucial to minimise
all interference fringes on the image, mostly by careful adjustment and cleaning of optical
elements in the imaging beam path. The minimisation of fringes in our setup is purely based
on such technical improvements, which is why we do not present a more quantitative analysis
here. An interesting computational technique to avoid the effect of moving fringes has recently
been published by Ockeloen et al. [122].
3.2.2 Photon shot noise
An inherent source of noise in absorption imaging is the photon shot noise present in each
single image taken with the CCD camera. Photon shot noise is the inherent noise when
detecting a number of photons Nγ of a light field with Poissonian photon number statistics
[123] (e.g. a coherent laser beam). The detected photon number has a variance of σ2Nγ = Nγ.
The number of electrons Nel collected in every pixel depends on the incident photon number
Nγ via the camera’s quantum efficiency, Nel = QE × Nγ. Effectively, the number of detected
photons is reduced and the relevant variance to be considered is σ2Nel = Nel. The quantity
we measure in the experiment is the atom number, and we need to know the effect of the
photon shot noise on the precision of the counted atom number. Replacing I , I0 and Isat in
equation (3.3) with the corresponding electron counts makes it straightforward to determine
the expected photon shot noise contribution to the atom number count:
σ2px,γ = c
2
0
 L￿
Nel
+
￿
Nel
Nel,sat
2 + L￿
Nel,0
+
￿
Nel,0
Nel,sat
2 . (3.4)
Here, Nel, Nel,0 and Nel,sat are the pixelwise electron counts corresponding to the intensities I
(atom picture), I0 (background picture) and Isat, respectively. From equation (3.4) and the
electron count in each picture taken in the experiment, we can accurately infer the pixelwise
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noise contribution due to photon shot noise. The overall photon shot noise variance σtot,γ for
the number in a given atom cloud is obtained by summing equation (3.4) over the pixels in the
region of interest. In atom interferometric detection schemes, one is interested in the transition
probability p between two states |a〉 and |b〉. The corresponding atom numbers Na and Nb
need to be detected separately. Counting the atom number in state |i〉 results in a photon shot
noise contribution to the variance of σ2tot,γ,i =
￿
px σ
2
px,γ,i. The transition probability is given
by p = Nb/(Na+Nb), and the resulting variance is calculated via standard error propagation to
σ2p,γ =
N2aσ
2
tot,γ,b + N
2
bσ
2
tot,γ,a
(Na + Nb)4
. (3.5)
Here, σ2tot,γ,i is the total variance due to photon shot noise for the counting region corresponding
to state |i〉. When imaging dilute samples, only a small fraction of the imaging photons is
absorbed. One can in this limit approximate Nel ￿ Nel,0, and the photon shot noise in equation
(3.4) becomes independent of the atom number. The photon contribution to the variance in
transition probability in equation (3.5) hence scales as σ2p,γ ∝ 1/N2 (where N = Na +Nb is the
total atom number).
3.2.3 Quantum projection noise
Quantum projection noise is a form of atomic shot noise when measuring the population in
an ensemble of two-level atoms — as at the detection stage of an atom interferometer. It
is inherent to every such measurement and limits the achievable precision of the detection
stage. The limit set by quantum projection noise is purely dependent on the atom number
measured and can only be improved by either a larger atom flux or the involvement of quantum
mechanical entangled (squeezed) states. We have discussed the quantum projection noise limit
in the context of the two-level atom in section 1.1.2 and will only summarise the important
dependence here. The variance on the measured population transfer due to quantum projection
noise is given by
σ2p,QPN =
p(1− p)
N
. (3.6)
The variance scales asσ2p,QPN ∝ 1/N compared to the scaling ofσ2p,γ ∝ 1/N2 due to photon shot
noise when imaging dilute samples. When additional noise sources are sufficiently suppressed,
one can aim to adjust the imaging parameters such that photon shot noise is reduced to
a minimum, leaving quantum projection noise as the dominating source of uncertainty for
sufficiently large atom numbers N . Once this situation has been achieved, one has the very
interesting situation of a fundamental noise limit independent of technical contributions, which
can only be overcome by introducing quantum entangled states. A detailed analysis of the
effect of atom shot noise on absorption imaging based detection can be found in [121].
3.2.4 Optimising imaging parameters
Equation (3.4) contains both terms of the variance proportional to 1/Nel and Nel. This suggests
that there is an optimum number of detection photons (or electrons) to achieve a minimum
photon shot noise caused variance. In a simple picture, one would expect the optimum
intensity to be of the order of the saturation intensity. In the following, we will present an
optimisation of imaging parameters to reduce the influence of photon shot noise to a minimum.
The optimisation is focussed at the optimal performance under the constraints of a given
experimental setup. For example, at a given imaging intensity, we adjust the imaging exposure
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time to achieve an optimal filling of the electron wells in the CCD camera chip. Such realistic
constraints can lead to somewhat counter-intuitive results, which should be kept in mind
when reading this section. The optimum intensity depends critically on both the number of
photons in the atom and the background picture via Nel and Nel,0. Which intensity is the best
choice for the imaging is largely determined by the optical depth of the sample. It will be
shown that — given the experimental constraints assumed — it is preferable to work with
intensities well below saturation for dilute samples. This renders the optical depth independent
of intensity variations common to the atom and the background picture (equation (3.3)) and
increases the signal. For large optical depths, for example when imaging trapped Bose-Einstein
condensates, the variance gets too large for imaging below saturation (due to Nel approaching
zero). Imaging the atoms above saturation (see e.g. [59]) circumvents this problem and allows
Nel to be increased. The optimisation of the imaging intensity and other imaging parameters
will be discussed in more detail in the following.
Simulation setup
We perform a numerical analysis and investigate the dependence of the photon shot noise
contribution to the pixelwise atom number variance, σ2px,γ (equation (3.4)), on different
imaging parameters. The aim of this analysis is to achieve the optimum performance of a given
setup, which depends critically on the properties of the CCD camera used in the detection
stage. The calculations in this section are performed for the camera used in our quantum
projection noise limited detection setup (camera model PointGrey GRAS-14S5M/C, pixel size
6.45× 6.45µm2). The measured quantum efficiency and well depth are QE = 17.4% and
Nwell = 17000electrons, respectively. We assume a given atom density that yields an atom
number per pixel of N (M=1)px for an imaging magnification of M = 1. For different imaging
magnifications the number of atoms per pixel is rescaled according to N (M)px = N
(M=1)
px /M
2.
Furthermore, we assume that the electron wells of the CCD chip are used at optimum efficiency
such that the electron counts at each pixel of the background picture correspond to the well
depth,2 Nel,0 = Nwell. The exposure time texp is adjusted depending on the imaging intensity
I0, ensuring that Nel,0 = Nwell for every possible intensity and magnification. A change in
the imaging intensity I0 therefore does not affect the number of photons in the background
picture. The assumption of full electron wells implies that the electron number corresponding
to saturation intensity, Nel,sat, is not fixed but varies with exposure time according to
Nel,sat =QE
(px)2
M2
Isat
ħhω texp. (3.7)
The use of a varying exposure time implicitly assumes that movement of the atoms during the
image can be neglected. The assumption is valid in our case as we are interested in the overall
atom number count and not in the spatial imaging resolution; it mainly needs to be guaranteed
that atoms do not move by distances of the order of the Rayleigh range or out of the field of
view of the imaging system. For the numerical simulation, we use equation (3.7), Nel,0 = Nwell
and Npx = N (M)px , and replace intensities with electron counts in equation (3.3). Equation (3.3)
is numerically solved to obtain the pixelwise number of electrons Nel in the atom picture. From
equation (3.4) we can then calculate the photon shot noise contribution to the pixelwise atom
number variance, σ2px,γ. σ
2
px,γ depends on the detuning ∆im, the magnification M , the atomic
density and the imaging intensity I0. This parameter space needs to be optimised in order to
minimise the effect of photon shot noise on the absorption pictures.
2We simplify the analysis by neglecting saturation of the electron wells of the CCD chip.
3.2 Noise sources 63
0
10
2
4
6
8
Im
ag
in
g
 d
et
u
n
in
g
 (
M
H
z)
0
10
2
4
6
8
Im
ag
in
g
 d
et
u
n
in
g
 (
M
H
z)
0 108642 0 100806040200 108642
Imaging intensity I0/IsatImaging intensity I0/IsatImaging intensity I0/Isat
0.5
1
2
3
0.4
0.6
0.8
1
1
3
5
7
9
10
20
30
2
4
6
0.2
0.4
0.6
(a) (b) (c)
(d) (e) (f)
Optical depth for Npx     =100
(M=1) Optical depth for Npx     =1000
(M=1) Optical depth for Npx     =5000
(M=1)
σpx,γ /(Npx     )1/2  for Npx     =100(M=1) (M=1) σpx,γ /(Npx     )1/2  for Npx     =1000(M=1) (M=1) σpx,γ /(Npx     )1/2  for Npx     =5000(M=1) (M=1)
Figure 3.2: Results of numerical simulations to optimise imaging parameters. The photon shot
noise contribution to the pixelwise atom number standard deviation is normalised to the atom shot
noise and plotted in (a)–(c), as a function of imaging intensity and imaging detuning. (d)–(f) show
the corresponding optical depths. The pixelwise atom numbers are N (M=1)px = 100 in (a) and (d),
N (M=1)px = 1000 in (b) and (e), and N
(M=1)
px = 5000 in (c) and (f). Note the different scale on the imaging
intensity axis in (c) and (f). The grey circles and squares indicate typical operating points for low and
high atomic densities. The circles in (a) and (d) correspond to the imaging parameters in [109].
Imaging intensity and detuning
We start by investigating the dependence of the photon shot noise on the imaging intensity and
detuning, for different atomic densities. We shall analyse the photon shot noise contribution
to the atom number variance as in equation (3.4), and not the photon shot noise variance
itself. Figure 3.2 illustrates the results of our numerical simulations. The upper row, (a)–(c),
shows the photon shot noise contribution to the atom number standard deviation per pixel,
normalised to the atom shot noise standard deviation
￿
Npx. The lower row ((d)–(f)) depicts
the corresponding optical densities. The pixelwise atom numbers are N (M=1)px = 100 in (a) and
(d), N (M=1)px = 1000 in (b) and (e), and N
(M=1)
px = 5000 in (c) and (f). The magnification in
the simulations is M = 1. A different magnification leads to a rescaled normalised standard
deviation but does not affect the qualitative shape of the graphs in figure 3.2.
In our experimental setup, the numerical data in figure 3.2(a) and (d) correspond to
the case of medium atom number (￿ 104) in long expansion time (￿ 20ms) images, as in
the quantum projection noise limited interferometry setup [109] presented in chapter 4. It
is evident from the numerical results that in this case the optimum intensity is as low as
possible. This is due to the earlier mentioned constraint on the exposure time, which is for
every imaging intensity adjusted in order to achieve a maximum filling of the CCD wells. The
largest optical depth occurs for an imaging intensity approaching zero, and the photon shot
64 Chapter 3. Optimising detection of BECs and atom lasers
0
10
2
4
6
8
Im
ag
in
g
 d
et
u
n
in
g
 (
M
H
z)
(d)
0
10
2
4
6
8
Im
ag
in
g
 d
et
u
n
in
g
 (
M
H
z)
(a)
(e)
(b)
(f)
(c)
0 108642
Imaging magnification
0 108642
Imaging magnification
0 108642
Imaging magnification
10
20
30
2
4
6
0.2
0.4
0.6
0.1
0.3
0.5
0.7
0.9
0.2
0.6
1.0
1.4
1.8
2
6
10
14
18
σpx,γ /(Npx     )1/2  for Npx     =100(M=1) (M=1)
Optical depth for Npx     =100
(M=1) Optical depth for Npx     =1000
(M=1)
σpx,γ /(Npx     )1/2  for Npx     =1000(M=1) (M=1) σpx,γ /(Npx     )1/2  for Npx     =5000(M=1) (M=1)
Optical depth for Npx     =5000
(M=1)
Figure 3.3: Results of numerical simulations to optimise imaging parameters. We plot the photon shot
noise contribution to the pixelwise atom number standard deviation (normalised to the atom shot noise)
as a function of imaging magnification and imaging detuning in (a)–(c). (d)–(f) show the corresponding
optical depths. The pixelwise atom numbers are N (M=1)px = 100 in (a) and (d), N
(M=1)
px = 1000 in (b)
and (e), and N (M=1)px = 5000 in (c) and (f). Large magnifications are in many cases favourable due to
the larger number of pixels (and thus available CCD electrons) used in the image. The grey circles in
(a) and (d) indicate the operating point as in [109].
noise contribution to the atom number standard deviation (figure 3.2(a)) reaches a minimum
at vanishing intensity and detuning. In the limit of dilute samples, the photon shot noise is
largely independent of atom number. The atom signal increases for low imaging intensities,
thus the photon shot noise contribution to the atom number variance is reduced. Ultimately,
the lowest practical imaging intensity is limited by the movement of the atoms during the
imaging pulse at long expansion times.
For larger atomic densities (representing the case of shorter expansion time, higher initial
atom number or different trapping parameters), imaging at low intensity is not an option as
the optical density is too high (compare figure 3.2(e) and (f)), and the photon count in the
atom picture approaches zero, causing a large contribution to the photon shot noise on the
counted atom number. To obtain low photon shot noise contributions for large atomic densities,
one can either image at non-zero detuning or at intensities well above saturation, or using
a combination of the two. For an atom number of N (M=1)px = 1000, the minimal photon shot
noise contribution occurs at zero detuning and an imaging intensity of I0 ≈ 4.5Isat.
Imaging magnification
The dependence of the photon shot noise on the imaging magnification has been studied
separately. Intuitively, one would expect a larger magnification to cause a decrease in the
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giving an intercept of
a = 1.019± 0.007.
photon shot noise contribution to the atom number variance (not a decrease in the photon
shot noise itself), as the effective area on the chip (and therefore the number of available
detection electrons) is increased. Again, this is true due to the adjustment of the exposure time
to achieve optimum filling of the wells on the CCD chip. The simulations prove the expected
result to be largely true, but also show that for high atomic densities the magnification that
would be needed for a low photon shot noise contribution at zero imaging detuning becomes
impractically large. The results of our simulations are illustrated in figure 3.3. The same atom
numbers as in figure 3.2 have been used. The imaging intensity is I = 0.1M2 Isat. As above, we
plot the the photon shot noise contribution to the atom number standard deviation per pixel
in figure 3.3(a)–(c) and the corresponding optical depth in (d)–(f), this time as a function
of imaging magnification and detuning. One can see from figure 3.3 that it is important to
choose a magnification sufficiently large for a low enough photon shot noise contribution. This
requirement becomes more stringent for larger atomic densities (see figure 3.3(c)), and it can
be necessary to work at non-zero detuning to achieve a sufficiently low noise performance.
3.3 Atom number calibration
In addition to a precise atom number count guaranteed by a reduction of noise sources,
calibrating the detection system is critical to ensure accurate atom number counting. It is
likely for systematic uncertainties to enter via the imaging procedure, and the only definite
way to rule out such uncertainties is an independent number calibration. For the experiments
presented in chapters 5 and 6, it is crucial to know the atom number accurately as it is the
input for simulations which are thereupon compared to the experimental results. For atom
interferometric measurements (see chapter 4), total atom number does not enter directly as
what is normally measured is the normalised transition probability. Nevertheless, knowing the
atom number accurately is necessary for atomic shot noise analysis and the investigation of
atomic interaction effects in Bose-condensed sources.
There are a variety of ways to calibrate the atom number measured via absorption imaging.
One elegant possibility is to use the inherent atom number dependency of the atomic shot noise.
Here, we use instead the well known dependence of the critical condensation temperature T0
on the number of atoms N in the atomic sample. For finite atom numbers [124],
T0 =
ħhω
kB
￿
3
￿
N
ζ(3)
− π
2
12ζ(3)
￿
, (3.8)
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where ω = (ωxωyωz)1/3 is the geometric mean of the trapping frequencies and ζ(s) the
Riemann zeta function. We measure the relative number of atoms in the condensate fraction
of the cloud, Nc/N , as a function of the temperature T . A fit of the form Nc/N = 1− (T/aT0)3,
where a is the fitting parameter and Nc the number of atoms in the condensate fraction of
the cloud, yields a = 1.019 ± 0.007, in reasonable agreement with the expected value of
a = 1 (see figure 3.5). The small deviation of the measured value can be due to imperfect
polarisation of the imaging light, causing undercounting of the atom number and therefore
a value of a > 1. In addition, the fitting routine used to determine the number of atoms in
the condensate and the thermal fraction introduces a small systematic error. At temperatures
slightly above the condensation temperature, the thermal cloud exhibits a Bose-enhanced
density distribution, which can be wrongly interpreted as a superposition of a thermal cloud
and a small Bose-Einstein condensate. This effect will lead to an apparently less sharp
phase transition, causing a value of a > 1. The overall deviation of a from 1 translates into a
systematic atom number counting error of 5.8%. In the quantum projection noise measurement
of the atom laser interferometer (section 4.2.3), this systematic uncertainty is well below the
statistical uncertainties.
3.3.1 Temperature measurement
The accuracy of the above described atom number calibration relies critically on a correct
temperature measurement. We use time-of-flight absorption images taken texp = 24.1ms after
releasing an atom cloud from the trap and measure the width of the thermal fraction of the
expanded cloud. A two-dimensional bimodal fit is performed, taking into account both the
Thomas-Fermi profile of the condensed fraction of the cloud and the Gaussian distribution of
thermal atoms, which is clearly identifiable from the wings of the density distribution. The
temperature T is related to the width σi
￿
where i ∈ ￿x , y, z￿￿ of the thermal fraction and the
trap frequency ωi via [76]
T =
mσ2i
2kB
ω2i
1+ω2i t
2
exp
. (3.9)
As mentioned above, we measure the temperature using a single shot at an expansion time of
texp = 24.1ms. The temperature obtained this way is in agreement with a separate measure-
ment of the thermal width σi as a function of expansion time texp, using the temperature as
the free parameter in a fit according to equation (3.9).
3.3.2 Magnification calibration
The detected atom number scales strongly with the magnification of the imaging system (see
equation (3.3). An independent magnification calibration is necessary. We outcouple an atom
laser pulse in a first-order magnetically insensitive state and measure its position h when
falling under gravity for a time t. The position is measured as the centre of a Gaussian fit
to the density distribution of the falling pulse. We repeat the measurement for different fall
times. The measured fall distance is for a magnification M and gravitational acceleration
g = 9.79m/s2 given by
h(t) = h0− 12Mgt
2. (3.10)
We fit equation (3.10) to the measured fall distances, using h0 and M as free parameters.
The magnification obtained is M = 2.14(1). The influence of magnetic field gradients on
the acceleration of the atoms is suppressed by using the first-order magnetically insensitive
atom laser state, | f = 1,mf = 0〉 in 87Rb. There are other ways to measure the imaging
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Figure 3.5: Measurement
of the imaging system
magnification. The centre
position of a falling cloud
of atoms is measured for
different fall times. The
red line is a fit accord-
ing to equation (3.10) and
gives a magnification of
M = 2.14(1).
magnification, such as the crossed beam method (see for example [125]), which we will not
discuss in more detail here.
3.4 Normalised two-state detection
In an atom interferometer, knowing the absolute atom number accurately is important for the
analysis of quantum projection noise and atomic interaction effects. For a measurement of the
transition probability p, it is in addition necessary to have an independent measurement of
both states involved in the interferometer. That way, number fluctuations of the interferometer
source (the Bose-Einstein condensate in our case) can be suppressed in the detected signal. We
use a standard time-of-flight absorption imaging sequence; more details can be found in [121].
Two schemes of normalised two-state detection have been realised as part of this thesis, one
relying on subsequent imaging and the other on a magnetic field-induced spatial separation
of the two states. If the interferometer output contains two states sufficiently separated in
position or momentum space, a state-sensitive detection is straightforward. The two schemes
presented in the following do not rely on such a prior separation and are applicable for atoms
in either a superposition state or a statistical mixture of two states.
3.4.1 Subsequent imaging
The subsequent imaging technique relies on the velocity the atoms have gained during
the fall time of either an interferometric sequence or the time of flight of the absorption
imaging sequence. The two states of interest in our interferometer are the atomic clock
states | f = 1,mf = 0〉 and | f = 2,mf = 0〉. The frequency of the circularly polarised imag-
ing light is generally close to the f = 2 → f ￿ = 3 transition, allowing the use of the
| f = 2,mf = 2〉 → | f ￿ = 3,m￿f = 3〉 cycling transition once the atoms have been pumped into
the | f = 2,mf = 2〉 state by the imaging light. Atoms in the f = 1 hyperfine manifold are
imaged using a (100µs) repump pulse resonant with the f = 1 state immediately before the
image is taken. For the subsequent imaging, we image the f = 2 atoms first by using the
imaging light without a preceding repump pulse. After an additional fall time (1ms in [126]),
we again apply an imaging pulse, this time including the preceding repump pulse. The two
images appear at spatially separated positions and allow for the two states to be imaged at
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Figure 3.6: Typical two-state absorption pic-
tures using (a) subsequent imaging and (b)
Stern-Gerlach spatial separation of the two
states | f = 1,mf = 0〉 and | f = 2,mf = 0〉.
The pictures are shown for illustrative pur-
poses, as a sensible comparison between the
two pictures is not possible due to the different
scales and atom numbers.
(a) (b)
different positions within the same CCD exposure. The second imaging pulse images both
atoms in the f = 1 and the f = 2 hyperfine manifold in an indistinguishable way, and in order
to infer the number of atoms in the f = 1 states only it is necessary to know the number of
f = 2 atoms present during the second imaging pulse. This can be guaranteed in two ways,
by having either no or all f = 2 atoms present while imaging the f = 1 state. The first case
can be realised using high imaging intensities in the first pulse, imparting a net momentum
sufficient for the f = 2 atoms to leave the imaging region before the second imaging pulse.
Alternatively, one can use a “blow-away” pulse after the first imaging pulse, causing the same
effect as a strong first imaging pulse. It has to be ensured that neither the first imaging pulse
nor the possible “blow-away” pulse have a significant effect on the atoms in the f = 1 state. If
one wants to keep all f = 2 atoms in the f = 1 picture, the parameters of the first imaging
pulse have to be chosen such that the momentum imparted to the atoms is limited, e.g. by
using a low intensity and short exposure time.
3.4.2 Stern-Gerlach spatial separation
The method of subsequent imaging described above almost necessarily requires the atoms
to be in different hyperfine manifolds, i.e. f = 1 and f = 2. For atoms merely in separate
Zeeman states of the same hyperfine manifold, imaging one state without affecting the other
one is close to impossible due to the insufficient energy separation of the levels. An alternative
approach is to spatially separate the states before the image is taken, using a Stern-Gerlach
magnetic field gradient. According to equation (1.46), atoms are attracted towards the position
of minimal energy, which depends on the internal atomic state. Having spatially separated
the two states, one can take one image of both states at the same time. The main advantage
of this method compared to the subsequent imaging is that for sufficient spatial separation,
atoms in one state cannot affect the image of atoms in the other state (as for example with an
imperfect “blow-away” pulse). In the work in [109], we use a pulsed magnetic field gradient
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for a duration of ∼3 – 4ms to separate the states. The gradient is produced by the coils of
our magnetic trap. The imaged states are again the atomic clock states | f = 1,mf = 0〉 and| f = 2,mf = 0〉, and the separation relies on the second order Zeeman shift. Figure 3.6 is
an illustration of typical two-state absorption pictures using (a) subsequent imaging and (b)
Stern-Gerlach separation of the two states. The figure is presented as an illustration only, and a
comparison between signal and noise on the two pictures is not sensible due to different scales
and atom numbers.
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Chapter 4
Interferometry with Bose-condensed
atoms
The invention of atom interferometers [2] has led to significant advances in the sensitivity
of precision measurement devices. Most modern atom interferometers rely on Ramsey-type
interferometry, using the method of separated oscillatory fields [38]. The most fundamental
version of this technique includes two temporally or spatially separated beam splitters that
couple a two-level system to an external driving field. Control of the time between the two beam
splitters or the phase or the frequency of the driving field allows the observation of Ramsey
fringes, an oscillation in population transfer between the two states in the interferometer. The
position of the fringe pattern contains information about the relative phase accumulated by the
two atomic states, enabling precision measurements with atom interferometers. So far, the most
remarkable results have been achieved using thermal atoms, e.g. for the measurement of the
gravitational constant G [5, 6], the fine structure constant α [7, 8, 127] and for the definition
of time in atomic clocks [3, 4, 128]. Thermal atom interferometers have been established
as highly sensitive devices for inertial measurements, such as accelerations and rotations.
In many cases, improved performance can be achieved by using laser-cooled atoms from a
magneto-optical trap, substantially narrowing the atomic velocity distribution. Bose-Einstein
condensates comprise a macroscopic number of atoms in a single momentum state and have an
even narrower momentum width, making Bose-condensed sources an excellent candidate for
high precision atom interferometers. A detailed analysis of the advantages and disadvantages
of Bose-condensed as compared to thermal sources has been presented in chapter 2.
While the two previous chapters investigate the initial (source) and final (detection) stage
involved in interferometric experiments, we will here describe the characteristics of the inter-
ferometric sequence itself. The beam splitters of the interferometer are the elements relating
the atomic phase to the external reference, and thereby performing the phase measurement
inherent to every atom interferometer. The design and stability of the atomic state coupling
scheme of the beam splitters is of crucial importance and will be described in section 4.1.
Section 4.2 contains the main results and presents our free-space atom laser interferometer,
operating on the | f = 1,mf = 0〉 → | f = 2,mf = 0〉 87Rb hyperfine ground state transition,
which was achieved as part of this thesis. Such an interferometer is similar in design to atomic
fountain clocks and allows a strong decoupling from environmental noise influences. The
device is the first atom interferometer built in our group and represents a precursor for more
complicated external state interferometry schemes. We show the phase sensitivity achieved
with two different beam splitter coupling setups and the quantum projection noise limited
performance of the interferometric beam splitters in one of the two coupling setups. Section
4.3 contains results on a different interferometry experiment, performed on a trapped Bose-
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Einstein condensate instead of a freely propagating atom laser. In-trap measurements generally
allow for longer interrogation times while at the same time being more prone to external noise
sources. We compare different aspects of the two interferometers and make an analysis of
the noise mechanisms contributing to a deteriorated interferometric signal in section 4.4. The
results presented in this chapter are based on the work published in [86, 109, 126].
4.1 Coupling schemes
The state coupling scheme is crucial for achieving a stable interferometric signal. It is usual
and convenient to differentiate between coupling of internal (hyperfine and Zeeman levels)
and external (momentum) states that are coupled in the interferometer. Coupling the external
states is a requirement for the measurement of spatial effects and is most frequently realised
via multi-photon transitions, transferring momentum from the coupling light field to the atoms.
Internal state coupling on the other hand is necessary when one wants to take advantage of
differential shifts of the two levels involved in the interferometer, or for the measurement of
time in atomic clocks. In addition, the internal states provide a label to the interferometer
beam paths, allowing for straightforward state-selective detection. The experimental results
obtained in the work presented in this thesis are solely based on internal state beam splitting,
and we shall concentrate on such internal state beam splitting schemes. In many cases, the
arguments can be easily transferred to the common internal plus external state Raman beam
splitters and to purely external state Bragg beam splitting.
4.1.1 Two-photon optical coupling
In the free-space interferometer, we implement a two-photon Raman scheme to couple the
states |a〉 ≡ | f = 1,mf = 0〉 and |b〉 ≡ | f = 2,mf = 0〉 of 87Rb (figure 4.1). Using Raman
coupling has some major advantages compared to one-photon microwave coupling. Firstly, the
implementation of spatially selective coupling for the beam splitters is relatively straightforward.
The optical Raman beams can be focussed to spot sizes of the order of the wavelength
of the coupling light and allow for excellent spatial selectivity, which is advantageous in
many interferometer schemes. Secondly, external state beam splitting is necessary for the
measurement of spatial effects. While Raman transitions with co-propagating light fields (as in
the work presented here) do not cause any significant splitting of the momentum states, the
scheme can be easily extended to external state beam splitting by using counter-propagating
fields. Finally, atom interferometry experiments require precise timing and amplitude control.
Precisely controlling the timing and amplitude of light fields has been made possible by modern
optics technologies, and standard elements for precision control are acousto- and electro-optic
modulators, fibre-based devices or mechanical shutters.
In our optical coupling setup, a fibre-coupled electro-optic modulator (EOSPACE [129])
is used to generate sidebands on the light from a homebuilt external cavity diode laser. It
is crucial to minimise all possible noise sources on the relative phase of the two frequencies
driving the Raman transition. Using an electro-optic modulator (EOM) allows for a single laser
source to generate all frequencies involved,1 rendering the laser source phase noise common
mode to the different frequencies driving the Raman transition. The EOM imprints a phase
modulation on the light field, which can be written as
Epm(t) = E0e
i[ωt+φ2 cos(ωφ t)] + c.c., (4.1)
1A common alternative approach is to use two separate lasers, whose frequency difference is stabilised via a
phase-locked loop.
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Figure 4.1: Simplified level scheme for Ra-
man coupling of the atomic clock states |a〉
( f = 1,mf = 0) and |b〉 ( f = 2,mf = 0)
in 87Rb. The atomic clock states are insensi-
tive to magnetic fields to first order and pro-
vide the ideal measurement tool in free-space
atom interferometry. We use circularly po-
larised light and a one-photon detuning of
∆ ≈ 50GHz. We neglect in this illustration
that there are several excited state levels and
pairs of laser frequencies contributing to the
Raman coupling.
where ω is the optical frequency of the laser, φ/2 the amplitude and ωφ the frequency of the
phase modulation. Decomposing the phase modulation into sidebands gives
ei
φ
2 cos(ωφ t) =
∞￿
n=−∞
inJn
￿
φ
2
￿
einωφ t . (4.2)
The amplitude of each sideband is proportional to the nth order Bessel function of the first kind,
Jn
￿
φ/2
￿
.
In the limit of large detuning, the semi-classically calculated Rabi frequency for two-photon
Raman coupling between two states |a〉 and |b〉 is ΩR = Ω(1)a Ω(2)b /(2∆), where ∆ is the
detuning from one-photon resonance (see figure 4.1). Ω(1)a ∝ |E10| and Ω(2)b ∝ |E20| are the
one-photon Rabi frequencies for the two light field amplitudes E10 and E20, see section 1.2.2 for
a more detailed introduction into the notation. The most straightforward way to drive Raman
transitions with the phase modulated field would seemingly be using the pure modulated light,
equivalent to setting E1(t) = E2(t) = Epm(t). For large ∆ (significantly larger than the excited
state hyperfine splitting), however, it is not possible to drive Raman transitions in an atomic
sample that way (see also [130]), and we shall elucidate this point in the following. Driving
Raman transitions approximately on two-photon resonance (corresponding to δ = 0 in figure
4.1) requires the atomic transition frequency ωhf to be a multiple of the phase modulation
frequency ωφ . The resulting two-photon Rabi frequency Ωab is proportional to |Epm|2, and￿￿Epm￿￿2 ∝ ∞￿
n=−∞
∞￿
m=−∞
in−mJn
￿
φ
2
￿
Jm
￿
φ
2
￿
ei(n−m)ωφ t + c.c., (4.3)
where the fast oscillating terms proportional to e±2iωt are far off resonance and have been
neglected here. Equation (4.3) contains a double sum which is constrained to m = n± k by
the resonance condition, with k =ωhf/ωφ , leaving the Rabi frequency Ωab proportional to
∞￿
n=−∞
￿
e−ik(ωφ t+ π2 )Jn
￿
φ
2
￿
Jn+k
￿
φ
2
￿
+ eik(ωφ t+
π
2 )Jn
￿
φ
2
￿
Jn−k
￿
φ
2
￿￿
+ c.c.. (4.4)
The sum over n in equation (4.4) leads to a destructive interference of all contributing terms,
leaving Ωab = 0. This can be seen by defining
Sk(x)≡
∞￿
n=−∞
Jn(x)Jn+k(x). (4.5)
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Calculating the first derivative S￿n(x) and using J ￿n(x) = (Jn−1(x)− Jn+1(x))/2 yields — after
some relabelling in the sum — the result S￿n(x) = 0. Furthermore, Sn(0) = 0, as Jn(0) = 0 for
all n except n= 0. It follows that Sn(x) = 0, and the Rabi frequency vanishes, Ωab = 0. The
destructive interference in the sum is why it is not possible to drive Raman transitions with
purely phase-modulated light in the far-detuned limit. To overcome this drawback, the phase
modulated signal from the EOM must be at least partly converted into an amplitude modulated
electric field.
There are a variety of ways to achieve this goal, such as sideband removal via cavities.
This technique produces separate beams containing only one optical frequency, which when
interfered yield an amplitude modulated signal capable of driving Raman transitions. Another
method is the use of polarisers in combination with the EOM. A polariser at the output of
the EOM converts a modulation in polarisation into the required amplitude modulation. For
this technique, the light polarisation in the EOM is not parallel to one of the crystal axes,
making the output polarisation inherently sensitive to thermal fluctuations of the crystal. Even
another method is the conversion of phase modulation into amplitude modulation of an optical
field via interferometric techniques. One can interfere the phase modulated light with light at
the carrier frequency, thereby removing the destructive interference in Ωab and allowing the
Raman transitions to be driven with one beam containing all frequencies involved.
In our experiment, we choose the latter method. It is relatively simple to implement and
offers good prospects for efficient noise suppression on the Raman coupling field. We have
realised two different schemes for such interferometric conversion of phase to amplitude
modulation, based on a Mach-Zehnder and a Sagnac interferometer. In both cases, the general
form of the electric fields at the output port of the interferometer reads
Eam(t) = E0eiωt
aei(δφ0+π) + ∞￿
n=−∞
inJn
￿
φ
2
￿
einωφ t
+ c.c., (4.6)
a superposition of the phase-modulated field with a component at the carrier frequency of
EO
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Figure 4.2: (a) Mach-Zehnder amplitude modulation setup. The relative phase difference between
the two arms is stabilised using a feedback loop. (b) Sagnac interferometer setup, based around a
non-polarising 50/50-beam splitter. The operation of the Sagnac interferometer relies on the directivity
of the electro-optic phase modulator.
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Figure 4.3: Output intensity of the
Sagnac interferometer as a function of
drive voltage of the EOM. The measure-
ment was taken at a modulation fre-
quency of 1GHz. The non-vanishing
power at zero drive voltage is mainly
due to unbalanced powers in the two
interfering propagation directions.
amplitude aE0 and relative phase δφ0 +π.2 The Raman coupling provided by Eam(t) does
not result in driving transitions with a single pair of frequencies but with a superposition
of pairs of frequencies with identical frequency differences. The setup of the Mach-Zehnder
and the Sagnac interferometer will be analysed separately in the following. Ramsey fringe
measurements using both of the two setups can be found in section 4.2.
Mach-Zehnder interferometer
The optical setup of the Mach-Zehnder interferometer is illustrated in figure 4.2(a). The
EOM is placed in one of the interferometer arms, leading to a modulation as in equation
(4.6). The modulation frequency is 3.417GHz, half the hyperfine ground state splitting of
87Rb. Raman transitions are in this case not driven by adjacent sidebands but by frequency
pairs separated by twice the modulation frequency. The phase-modulated light from the EOM
interferes with light at the carrier frequency, producing an amplitude-modulated field at the
output of the interferometer. Due to the large difference in optical path length between the
two interferometer arms, the relative phase δφ0 is not negligible. Its stability is critical to the
amplitude modulation depth and the two-photon Rabi frequency the atoms experience. We lock
the relative phase using a balanced homodyne detection scheme on the second interferometer
output port and a piezoelectric crystal for feedback on one of the interferometer mirrors. The
EOM is driven by our microwave source, which is a Rhode&Schwarz frequency generator
(SMR20), locked to a GPS-based external reference oscillator (TrueTime XL-DC).
The main source of noise introduced by the Mach-Zehnder interferometer coupling setup is
the relative phase noise between the two arms. This is partly compensated for by our active
stabilisation scheme. However, stabilisation is difficult due to large temperature related phase
drifts in the fibre that couples light into the EOM. In the Mach-Zehnder interferometer, the
travel range of the feedback piezo limits the path length fluctuations that can be compensated
for. A measurement of the noise on an atom interferometer using the Mach-Zehnder coupling
scheme is presented in section 4.2.
Sagnac interferometer
A very similar setup to the one described above involves placing the EOM in a Sagnac interfer-
ometer. As we will discuss in the following paragraph, this setup is inherently more stable and
enables us to achieve low noise performance of our Ramsey interferometer. We take advantage
of the directivity of the EOM device and place it in the Sagnac setup (figure 4.2(b)), thereby
2The phase offset of π added to the relative phase δφ0 is due to the phase relation between transmitted and
reflected fields at the beam splitters.
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Figure 4.4: Measured beat note ampli-
tudes for a modulation frequency of 1GHz.
The blue triangles show the beat note at
the modulation frequency, the red dots
(black squares) the beat note at twice
(three times) that value. Both the beat
note amplitude (a) at the output of the
Sagnac interferometer and (b) for the (ide-
ally purely phase-modulated) light field af-
ter the bare EOM are shown. A significant
suppression (by ∼ 40dB) of the beat note
in (b) compared to (a) is obvious, note the
different scale on the y-axis in (a) and (b).
In addition to the suppression of the beat
note after the bare EOM, there is a clear
change in the qualitative dependence on
the drive voltage.
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interfering the phase modulated light with an unmodulated field of equal amplitude. For
a more detailed analysis of the Sagnac interferometer modulation scheme, we will rely on
equation (4.6).
In the Sagnac interferometer, two light fields travel in opposite directions along the same
path and interfere at the output port, as illustrated in figure 4.2(b). δφ0 in equation (4.6)
accounts for any remaining phase difference (e.g. due to misaligned polarisations in the
fibre) between the two directions in the interferometer. In general, δφ0 ￿ 1. For equal field
amplitudes in both directions (a = 1) and no phase modulation on the EOM, the intensity of
the Sagnac output port vanishes due to destructive interference of the light fields propagating
in opposite directions. Increasing the modulation depth leads to an increase in intensity at the
output port (see figure 4.3) and an increase in the two-photon Rabi frequency ΩR. As described
earlier, the resonance condition for hyperfine transitions to be driven in the atomic sample
requires the transition frequency to be a multiple of the modulation frequency, ωhf = mωφ .
Two inherently distinct cases have to be considered here. For odd values of m (1,3, 5, ...), the
two-photon Rabi frequency Ωab is suppressed due to destructive interference of the different
terms contributing to Ωab when calculating |Eam|2 using equation (4.6). This holds true
although the output of the Sagnac interferometer is different from a purely phase-modulated
field. The suppression is based on the same mechanism that prevents Raman transitions to be
driven with a purely phase-modulated light field. In the case of even values of m (2,4,6, ...),
the situation is different, and the electric field at the output port of the Sagnac interferometer
is suitable for driving Raman transitions in the atomic sample. Its amplitude modulation is no
longer suppressed by the destructive interference effect described above.
As a verification of these statements, we measure the beat note amplitude on the light at the
output of the Sagnac interferometer for various modulation depths at a modulation frequency
of 1GHz and values of m= 1,2 and 3 (figure 4.4(a)). As expected, the maximum beat note
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Figure 4.5: Calibration curve for the
beat note on the output port of the
Sagnac interferometer. The calibration
is independent of the modulation fre-
quency and was taken for a modulation
frequency of 1GHz. The calibration al-
lows us to determine the beat note am-
plitude at an arbitrary frequency from a
simple power measurement. The curve
is obtained by scanning the drive volt-
age of the EOM, indicated by the voltage
labels on the graph.
amplitude is strongest for m = 2 (red dots in figure 4.4), and is suppressed for the cases
m= 1 (blue triangles) and m= 3 (black squares). As a comparison, figure 4.4(b) illustrates
the measured beat note amplitude of purely phase modulated light at comparable intensity,
without the Sagnac interferometer. The resulting beat notes are suppressed by ∼ 40dB, clearly
demonstrating the effect of the Sagnac interferometer. In addition, the beat notes after the
bare EOM show a different qualitative dependence on the drive voltage. The mechanism
underlying the beat notes in figure 4.4(b) is most likely different from the Sagnac modulation
conversion, and in fact there is no reason to assume the same functional dependence in figure
4.4(a) and (b). The modulation in figure 4.4(b) occurs at beat note amplitudes four orders
of magnitude below the beat notes at the Sagnac interferometer output and does not affect
the results presented in this chapter. The measured suppression of the beat note after the bare
EOM is in excellent qualitative agreement with our basic theoretical picture. Like in the case of
the Mach-Zehnder interferometer, we use m = 2 in the interferometer beam splitters and drive
the EOM at 3.417GHz — half the transition frequency between the states |a〉 and |b〉.
A useful feature of our setup for generating the appropriate light field is that both the output
power (figure 4.3) and the beat note amplitude (figure 4.4(a)) after the Sagnac interferometer
have a well defined dependence on the modulation depth of the phase modulator. For a
given output power, we can therefore infer the beat note amplitude on the light field. This
relation of output power and beat note amplitude is independent of the modulation frequency.
Simultaneously measuring the power output and the beat note amplitude after the Sagnac
interferometer allows us to calibrate the beat note amplitude, and thus the two-photon Rabi
frequency Ωab, with respect to the power in the output light field. As the calibration is
independent of the modulation frequency of the EOM, it can be carried out at any arbitrary
frequency within the bandwidth of the EOM. Once such a calibration curve has been established,
one can infer the beat note amplitude from a simple optical power measurement of the light
field. For high microwave frequencies, this is a significant advantage compared to a direct
beat note measurement which requires high bandwidth detection devices. Figure 4.5 shows
the measured calibration curve for our setup. To obtain high microwave frequency beat note
amplitudes, it is thus sufficient to measure the Sagnac interferometer power output and derive
the beat note amplitude from the calibration depicted in figure 4.5.
For the Sagnac setup, we use the same microwave generator as in the Mach-Zehnder setup,
this time stabilised to an external rubidium frequency reference (Stanford Research Systems
FS725), to drive the EOM, leading to a highly stable beat frequency of the Sagnac interferometer
output. Fluctuations in the Sagnac setup are common mode to the two equally polarised beams
travelling in opposite directions in the interferometer. This is the main advantage compared to
placing the EOM in a Mach-Zehnder interferometer. The two interfering fields propagate along
the same path and have identical polarisation, strongly suppressing the effect of temperature
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Figure 4.6: (a) Measured fluctuations of the summed intensity of both beam splitters (for a drive
voltage of 1.5V at 3.417GHz) and (b) Allan deviation of the relative intensity measured at the same
position. For long integration times, polarisation fluctuations in the EOM optical fibre and other optical
fibres dominate the measured Allan deviation.
and vibration related phase noise. Due to the inherent passive stability of the system, we are
able to avoid active stabilisation loops. Figure 4.6 illustrates the intensity stability of the Sagnac
interferometer output measured at a position equivalent to the position of the atomic sample.
The maximum Allan deviation [131] of the relative intensity corresponds to an uncertainty in
the interferometer transition probability p of σp = 2× 10−3, below the quantum projection
noise limit for the atom numbers of ￿ 104 used in the interferometer (see section 4.2).
4.1.2 Microwave coupling
Compared to optical two-photon processes, microwave radiation offers a more direct and
straightforward route to coupling the hyperfine ground state levels of alkali atoms. The levels
are coupled directly via a magnetic dipole transition, and the only microwave tools necessary
are a source and an antenna. For trapped atom interferometers and in atomic fountains
microwave or combined microwave-radio frequency transitions are the usual coupling method.
In contrast to light-based schemes, there is no ac-Stark shift other than the one caused by the
microwave radiation itself, reducing the number of noise sources. However, there are several
potential disadvantages, such as the incompatibility with standard external state beam splitting
schemes. Furthermore, due to their large wavelengths, microwaves cannot be focussed to
regions small enough for spatially selective addressing of atom clouds. Spatial selectivity needs
to be realised by introducing a spatial gradient in the internal level shift, usually via magnetic
or light fields. The results presented in section 4.3 are based on a simple microwave coupling
scheme. The coupling can be described by a straightforward model of a two-level system
coupled to an external driving field, which has been described in section 1.2.1.
4.1.3 Oscillator stability
The stability of the local oscillator in a Ramsey interferometer is amongst others crucial for
the achievement of quantum projection noise limited operation. The local oscillator used
for both the microwave and the two-photon coupling schemes presented in this thesis is a
Rhode&Schwarz SMR20 generator with a frequency resolution of 0.1Hz. The specified Single-
SideBand (SSB) phase noise (at 10GHz) is −40dBc/￿Hz at 10Hz and −83dBc/￿Hz at 10kHz
away from the carrier. The phase noise specification corresponds to a linewidth well below
all (power broadened) linewidths of the beam splitter transitions considered in this thesis.
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We stabilise the microwave generator to an external rubidium frequency reference (Stanford
Research Systems FS725). The relative frequency stability of the reference is specified to an
Allan variance below 2× 10−11 for a 1 s and below 2× 10−12 for a 100s integration time. For
a frequency measurement using a Ramsey fringe with a period of 200Hz as will be presented
in section 4.2.2, the quoted Allan variances correspond to quantum projection noise limited
operation in the range of 104 to 106 atoms — in the regime of the atom numbers of ￿ 104
used in the measurement of quantum projection noise in section 4.2.3.
4.2 Free-space interferometry
Traditionally, the research field of the Rb BEC group at the Australian National University
in Canberra has been the fundamental investigation of atom lasers. Atom lasers and Bose-
condensed sources in general have intriguing applications in the field of precision measurements
and atom interferometry, and for the recent years our group has been focussing increasingly on
such more applied studies. As part of this thesis, the first Ramsey interferometry experiments
with an atom laser are presented. Starting from an outcoupled | f = 1,mf = 0〉 atom laser
pulse, we construct an internal state interferometer for the two ground states | f = 1,mf = 0〉
and | f = 2,mf = 0〉 of 87Rb. The states are coupled by co-propagating circularly polarised
focussed Raman beams, allowing spatially selective addressing of the atom laser. This section
contains results on both the Mach-Zehnder and the Sagnac based coupling scheme. The
potential of the atom laser lies to a large extent in the efficient implementation of external
state beam splitting, as discussed in chapter 2. External state beam splitters have not been
implemented during the course of this thesis, as there are a number of important studies that
can be performed on the simpler internal state interferometer scheme. Among those are the
characterisation of beam splitters and interaction-related effects — features which are crucial
in internal and external state atom interferometry.
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Figure 4.7: Optical setup of the Raman beam splitters for the atom interferometer. The atom laser
pulse propagates under gravity through the two beam splitters and is subsequently imaged via a state
selective absorption imaging scheme. Splitting the optical beam path with a calcite crystal close to the
interferometer allows for improved relative stability of the two beam splitter positions. The light source
is an external cavity diode laser, partly amplitude modulated (AM) and partly phase modulated (PM) by
an electro-optic modulator placed in a Mach-Zehnder or Sagnac interferometer.
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4.2.1 Optical setup
The reduction of noise to an absolute minimum is the critical point that every part of the
optical setup is focussed on. In the following, we describe the geometric setup for coupling the
internal states of the freely propagating atom laser. The stable coupling in combination with
low-noise detection allows us to observe quantum projection noise on a single interferometer
beam splitter and similar noise performance for a Ramsey-type interferometric signal.
The geometric design for the realisation of two spatially separated Ramsey beam splitters
is illustrated in figure 4.7. Having produced a light field capable of driving Raman transitions
in our atomic sample (see section 4.1), we couple the light through a polarisation maintaining
optical fibre to a position close to the atomic sample. Two vertically displaced sheets of light
are produced using a combination of a calcite crystal and cylindrical lenses. Relative position
fluctuations of the two light sheets are strongly suppressed in this system, as the beams travel
along the same path up to the calcite crystal, and vibrations of optical elements in the split
beam path are of common mode to both of the beams. A stable absolute position is ensured by
a rigid mechanical assembly. The light from the fibre is pre-focussed by the first cylindrical
lens and subsequently sent through a birefringent calcite crystal to produce two beams with a
spatial separation of 2mm. The second cylindrical lens focusses the light onto the propagation
axis of the atom laser and generates two sheets of light which serve as beam splitters for the
interferometer. The pre-focussing by the first lens ensures that the two light sheets are vertically
separated and not focussed to the same position. Typical focal lengths for the cylindrical lenses
are f = 400− 500mm for the first and f = 70− 100mm for the second lens. Typical widths
(2w0) of the light sheets at the atom laser propagation axis are 40− 200µm.
The pulsed atom laser travels through the Raman light sheets under gravity. The velocity
of the atom laser pulse depends on its fall time, which means that for an identical splitting
ratio, the intensity requirements for the upper and the lower beam splitter are different. The
relative intensity is controlled by a λ/2-wave plate placed before the (polarisation-dependent)
calcite crystal. The propagation time Tp between the beam splitters can be determined from
the Ramsey fringe pattern (see below). In a separate calibration experiment, we can measure
the time T0 it takes to reach the first beam splitter. Both times are usually of the order of
3− 10ms in our setup. It is straightforward to convert such temporal measurements into
spatial coordinates. Typical values in the experiment are separations of 300− 600µm between
the two beam splitters and distances of 50− 300µm between the centre of the Bose-Einstein
condensate and the upper beam splitter. After traversing the two beam splitters, the atom laser
pulse is imaged via a state selective absorption imaging sequence, as discussed in chapter 3.
(a) (b)
50/50 BS
EOM
cylindrical lenses
calcite crystal
Figure 4.8: Photographs of the experimental setup for (a) the Sagnac modulation assembly and (b) the
optical setup for the beam splitters.
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Figure 4.9: Schematic drawing
of the interferometer setup. An
atom laser pulse originally in
state |a〉 ( f = 1) travels through
two spatially separated beam
splitters, each containing fre-
quencies with a spacing of
ωhf/2. State selective imaging is
realised via a Stern-Gerlach like
separation of the two internal
atomic states before the image
is taken. The plot on the right
depicts a measurement of the
spatial width of each of the light
sheets.
4.2.2 Ramsey interferometry results
We record Ramsey fringes by varying the detuning δ from two-photon resonance in the beam
splitters, using the EOM in the modulation setup. Ramsey fringe results will be presented for
amplitude modulation produced both in the Mach-Zehnder and the Sagnac setup. The two sets
of data differ significantly in their noise characteristics.
Mach-Zehnder based modulation
Using the Mach-Zehnder based modulation scheme (see section 4.1), we have achieved the
first internal state interferometer with a freely propagating atom laser. Such an interferometer
is a decisive step towards external state atom laser interferometers with applications in inertial
sensing. Figure 4.10 shows a set of data of a complete Ramsey fringe. The solid red line depicts
the experimental data, showing a rather noisy but distinct Ramsey fringe pattern with visibility
close to 100%. The set of pictures above the graph is a series of absorption images at the
central part of the fringe pattern. State-selective imaging is realised via subsequent imaging
of the two internal states (see section 3.4). In addition to the experimental data, figure 4.10
contains the results of a semi-classical simulation for the light-atom interaction, where we
simulate the Ramsey interferometer based on Raman transitions between the two internal
states driven by a light field containing two frequencies. The result of the simulation with
conditions comparable to the ones present in the experiment is shown by the blue dashed line
in figure 4.10. The simplified theoretical simulation shows reasonable agreement with the
shape of the Ramsey fringe pattern.
The Ramsey fringe period is determined via a fit to the central part of the fringe pattern
and gives a value of f0 = 165.7(8)Hz. The propagation time between the beam splitters is
the inverse of that value, Tp = 6.04(3)ms. It depends on the speed of the falling atom laser
pulse and therefore on the exact position of the two light sheets with respect to the trapped
BEC position. Due to differential light shifts, the Ramsey fringes are not centred around zero
two-photon detuning δ. The focal lengths of the cylindrical lenses used are f = 500mm and
f = 100mm. The power-broadened width of the Ramsey fringe envelope (FWHM) is about
3kHz (determined by the two-photon Rabi frequency); it corresponds to the inverse of the
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Figure 4.10: Ramsey fringes measured over a range of 6.5kHz with the Mach-Zehnder based modu-
lation setup. The red solid curve shows an experimental data set, and the blue dashed curve depicts
simulated Ramsey fringes for comparable experimental conditions. The upper (lower) clouds of atoms
in the absorption pictures above the graph show the population in the | f = 2,mf = 0〉 (| f = 1,mf = 0〉)
state, for different detunings from two-photon resonance. Two adjacent absorption pictures correspond
to a frequency difference of 20Hz. The states | f = 1,mf = 0〉 and | f = 2,mf = 0〉 are imaged
subsequently.
traversal time through the interaction zones. The light intensity in the beam splitters is set
such that for a single beam splitter 50% of the atomic population is transferred.
Sagnac-based modulation
Having realised good visibility in the atom laser interferometer using the Mach-Zehnder
modulation setup, the next goal is to reduce the significant noise on the Ramsey fringe signal.
It turns out that the modulation setup itself is the major noise source and we significantly
improve the modulation scheme by using the Sagnac-based amplitude modulation. The step
from the Mach-Zehnder to the Sagnac modulation scheme reduces the intensity fluctuations in
the beam splitters to below the quantum projection noise limit (see section 4.1.1). Furthermore,
the results presented in this paragraph are obtained with a different detection scheme, using
Stern-Gerlach separation instead of subsequent imaging of the internal states. The central
part of a typical fringe pattern is depicted in figure 4.11, showing visibility close to 100%
and a significantly improved signal-to-noise ratio as compared to our previous setup. The
setup incorporates an improved mounting scheme and different focal length cylindrical lenses
( f = 400mm and f = 70mm) compared to the previous paragraph. The period of the Ramsey
fringes is f0 = 259.5(5)Hz, corresponding to a propagation time of Tp = 3.853(8)ms. As will
be seen in the next section, the achieved phase sensitivity is significantly improved compared
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Figure 4.11: Central part of a typi-
cal Ramsey fringe measurement us-
ing the Sagnac-based modulation
scheme. The atom cloud pictures
on the top are atom shot noise lim-
ited absorption images. In contrast
to figure 4.10, state selective imag-
ing is realised via a Stern-Gerlach
spatial separation pulse of the two
internal states before the image is
taken.
to the Mach-Zehnder based modulation setup.
4.2.3 Reaching the quantum projection noise limit
The first measurement we perform to characterise the noise on the interferometer is a simple
Ramsey fringe measurement with multiple data points per detuning δ. Such a measurement
for both the Mach-Zehnder and the Sagnac modulation scheme is illustrated in figure 4.12. The
phase sensitivity of the interferometer is proportional to the signal-to-noise ratio on the Ramsey
fringes. For each data point in the graph in figure 4.12, we average over five experimental
runs, corresponding to a measurement time of six minutes per point.
Mach-Zehnder setup
Given the uncertainties (Standard Error of the Mean, SEM) in figure 4.12 and the measured
fringe visibility, we calculate the minimum measurable phase shift to be 240mrad with five runs
in the Mach-Zehnder setup. The accumulated phase in an interferometer is usually proportional
to the measured quantity, such as a rotation or a differential energy shift due to a magnetic
field. For demonstrative reasons, one can calculate the frequency sensitivity and obtain a value
of 6.3(2.6)Hz (again for the Mach-Zehnder modulation scheme), corresponding to a relative
frequency sensitivity of 9.2(3.8)× 10−10.3 The overall number of detected atoms per shot
is N = 7.7× 104. Mechanical fluctuations in the imaging beam path lead to a time varying
interference pattern on the images, resulting in a standard deviation of the detected atom
number of σ = 4×103. Due to the normalisation when calculating the transition probability p,
this uncertainty does not strongly influence the observed Ramsey signal when the interference
fringe period is significantly larger than the separation between the two imaged states.
3This sensitivity does not compete with highly accurate frequency measurements in atomic clocks (see for
example [3]); however, the purpose of this work is to demonstrate an atom laser based Ramsey interferometer
rather than the improvement of current frequency sensitivities.
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Figure 4.12: Noise measurement on a Ramsey fringe, (a) for the Mach-Zehnder based and (b) for the
Sagnac based modulation scheme. The error bars represent the standard error of the mean. A significant
improvement in (b) compared to (a) is evident.
The sensitivity of the interferometer is limited by different noise sources. The Mach-Zehnder
interferometer used in the light modulation setup introduces a phase difference between its
two arms, and fluctuations in that parameter inevitably lead to a change in Rabi frequency
and light shift at the positions of the two beam splitters. Despite our balanced homodyne
locking scheme, this mechanism is a dominant source of uncertainty and strongly increases the
noise on the Ramsey signal. In addition, mechanical vibrations of the optical components in
the beam path can change the position of the beam splitters compared to the position of the
condensate in the magnetic trap. We reduce the influence of mechanical vibrations by using a
solid and compact optical setup. Phase noise of the microwave source driving the electro-optic
modulator is well below the uncertainties caused by the Mach-Zehnder setup.
Sagnac setup
Whereas the sensitivities quoted in the previous paragraph refer to our initial setup, the
Sagnac-based modulation scheme allows us to achieve significantly better results, which will
be discussed in the context of the quantum projection noise limit in the following. If other
noise sources are sufficiently suppressed, the quantum projection noise is what determines
the population fluctuations when measuring the state transfer with either a single π/2-pulse
or a π/2-π/2-Ramsey sequence. The quantity that is analysed in all our Ramsey fringe
measurements is the transition probability p = Nb/N . To determine the interferometric phase
sensitivity, the noise is measured halfway up a Ramsey fringe, corresponding to p = 0.5. The
variance in population transfer due to quantum projection noise is given by σ2p = p(1− p)/N ,
which equals 1/4N for p = 0.5. Due to the inherent normalisation when calculating p,
fluctuations in the total number N do not significantly contribute to the variance σ2p when
p ￿ 0.5. In any case, the calculated σp will give a lower bound of the atomic noise present in
the system.
The experimental images of the atom clouds are clean enough to observe the quantum
projection noise limit. For accurate atom number counting, we choose a relatively large region
around each of the two atom laser pulse components, which have been separated by the
Stern-Gerlach magnetic field pulse. A Thomas-Fermi distribution is fitted to the integrated
density profile to determine the exact central position and width of each of the two clouds.
Using this information, we choose a rectangular counting region to be centred around the fit
maximum, with a width of 120% of the fitted Thomas-Fermi diameter. Having measured each
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Figure 4.13: Measurement of the standard deviation σp as a function of total atom number N (a) for a
single π/2-beam splitter and (b) after a Ramsey π/2-π/2-sequence, using the Sagnac-based modulation
scheme. The long-dashed line depicts the expected quantum projection noise, the short-dashed line
the photon shot noise, and the solid line the resulting standard deviation from both contributions. For
sufficiently large atom numbers, the measured standard deviation agrees well with what is theoretically
expected, showing that our apparatus operates at the quantum projection noise limit.
state’s atom number independently, we calculate p = Nb/(Na + Nb). The quantum projection
noise is strongest when choosing a point of equal numbers in states |a〉 and |b〉 (p = 0.5),
centred between a maximum and a minimum of the Ramsey fringes. We perform a stability
measurement for p = 0.5, both for a single π/2-beam splitter and a Ramsey interferometer
involving two π/2-pulses (figure 4.13). For different atom numbers N , we take sets of data at
otherwise equal experimental conditions and measure the resulting variance σ2p as a function
of N . We observe standard deviations that are quantum projection noise limited for atom
numbers N ￿ 2× 104. As the photon-caused variance σp,γ scales as 1/N2, compared to the
quantum projection noise scaling of 1/N , it can be expected to dominate at low atom numbers
whereas for larger atom numbers the quantum projection noise is dominant. Regarding their
atom number dependence, other classical noise sources can be expected to behave similar to
the photon shot noise. We see good agreement of the experimentally measured noise with the
theoretically expected standard deviation. For the data corresponding to a complete Ramsey
interferometer, we were for technical reasons not able to measure at higher atom numbers;
however, the data strongly suggests a behaviour similar to the one for the single beam splitter.
The Sagnac-based atom interferometer shows a significant improvement in stability com-
pared to the Mach-Zehnder scheme. The passive stability in the system allows us to achieve
standard deviations in the transition probability of below 0.5%, at the quantum projection
noise limit for the atom numbers of ￿ 104 used here. The best achieved phase sensitivity
is ∼ 5mrad, almost two orders of magnitude below the sensitivity achieved with the Mach-
Zehnder modulation scheme. The achieved stability of the Ramsey fringe signal is remarkable,
given that the Raman coupling setup relies on a fibre based Sagnac interferometer without
active stabilisation. Should a better stability of the Sagnac setup be required to achieve quan-
tum projection noise limited operation at larger atom number, one could actively stabilise the
interferometer and potentially achieve further improvement in performance.
4.3 In-trap interferometry
Compared to free-space experiments like the one presented in the previous section, in-trap
interferometry is inherently more sensitive to different noise sources as the required trapping
potential provides unavoidable coupling to the environment. This and the fact that collisional
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frequency shifts can easily become significant for trapped samples are the reasons that the
most sensitive atom interferometers for measurements of time in atomic clocks and rotations or
accelerations in inertial sensors are based on free-space schemes. However, the interrogation
time (which affects the achievable sensitivity of an interferometer) in free-space devices is
limited by gravitational acceleration and the spatial extent of the apparatus. In-trap interfer-
ometry makes it possible to extend the interrogation times up to limits set by interferometric
decoherence. Such limits can differ substantially for different interferometers, with coherence
times ranging from milliseconds to almost one hundred seconds [132]. A successful imple-
mentation of a trapped atom interferometer is the atom chip [133], a common route towards
realising compact atomic clocks and sensors. In addition to the long interrogation times,
in-trap interferometry offers the opportunity to use the high densities for interaction induced
squeezing. Such experiments have been realised in the groups of Markus Oberthaler [31, 59]
and Philipp Treutlein [32] for low atom numbers (∼ 103). The work in this section details an
in-trap interferometry experiment with significantly larger atom numbers (∼ 106), potentially
allowing for larger amounts of squeezing and increased interferometric sensitivity due to a
lower quantum projection noise limit. The work presented in this section was performed
in collaboration with Paul Altin and has been published in [86]. We will here give a short
summary of the main results.
4.3.1 Setup
Like the free-space interferometer, the in-trap interferometer operates on the | f = 1,mf = 0〉→| f = 2,mf = 0〉 transition of 87Rb. The experimental apparatus used for the experiment can
produce Bose-condensed samples of 87Rb and 85Rb in an optical dipole trap. It is described
in much detail in [107]. An | f = 1,mf = −1〉 condensate is produced and transferred to the
magnetically insensitive | f = 1,mf = 0〉 state with an efficiency > 95% via a 5ms Landau-
Zener radio frequency sweep. The | f = 1,mf = 0〉 state is the initial state of the interferometer
and is coupled to the | f = 2,mf = 0〉 state via a microwave single-photon transition at
6.835GHz, the ground state hyperfine splitting of 87Rb. For the interferometer sequence, the
magnetic bias field is set to 4G. As in the improved version of the free-space interferometer, the
microwave field is produced by a Rhode&Schwarz SMR20 microwave generator locked to a
rubidium frequency standard (SRS FS725). The microwave generator is pulse-gated to achieve
the required timing control of the beam splitter pulses. The microwaves are delivered to the
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Figure 4.15: Decrease in fringe visibility of Ramsey fringes for the in-trap atom interferometer. (a)
Ramsey fringes for different hold times T . (b) Fringe visibility vs. hold time T for a π/2-π/2 and a
π/2-π-π/2 sequence. Error bars represent statistical uncertainties.
position of the atoms via a quarter-wave dipole antenna, which is glued in place as close to the
atom cloud as possible. The maximum Rabi frequencies achieved with this setup are ∼ 5kHz.
4.3.2 Results
The interferometer is based on a Ramsey π/2-π/2 sequence. A 300µs long microwave π/2-
pulse transfers each atom into an equal superposition of | f = 1,mf = 0〉 and | f = 2,mf = 0〉.
After a hold time T we apply a second π/2-pulse and switch off the trapping potential. Just
like in the free-space interferometer, we apply a spatial separation magnetic field pulse before
the image, splitting the states based on the second order Zeeman effect. The experimental
data is illustrated in figure 4.15. Ramsey fringes are recorded by scanning the microwave
frequency and thereby the detuning δ from the microwave resonance. We measure the
transition probability p = Nb/(Na + Nb). Ramsey fringes are shown for varying hold times
T in figure 4.15(a). The total atom number in these measurements is Na + Nb = 1× 106.
A clear decrease in visibility is evident when increasing the hold time of the atomic sample
between the two π/2-pulses. The visibility is limited by the phase coherence between the
two states during the hold time. Inhomogeneous phase decoherence can, for example, be
caused by magnetic field inhomogeneities or a coupling strength varying over the extent of
the condensate. Magnetic field gradients are in this setup below 30µG/cm [107], leading to
a dephasing rate below 10mHz in the difference frequency between the two interferometer
states. We can neglect magnetic field inhomogeneities at the time scales of the interferometer.
All remaining inhomogeneous dephasing mechanisms can largely be cancelled by using a
spin-echo like sequence [134], i.e. applying a π pulse halfway between the two π/2-pulses.
The corresponding π/2-π-π/2 sequence increases the coherence time by more than a factor of
two (see figure 4.15(b)). To check the performance of a single π/2-beam splitter, we make a
stability measurement using 3×105 atoms and achieve a standard deviation of σp = 2.0×10−3,
a factor of 2.2 above the quantum projection noise limit.
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4.4 Technical noise sources
In chapter 3 and section 4.2, the noise of the interferometer output was discussed in the
context of the quantum projection and the photon shot noise limit. These noise sources present
a fundamental limit to the sensitivity that can be achieved for a given set of experimental
parameters. In experimental physics, limitations are often set by technical noise sources,
making it hard to reach the fundamental limits. In this section, we will discuss the most
relevant technical noise sources in our interferometry experiments, concentrating on their
influence on the noise of the phase measured in the interferometer. The focus of the discussion
will be on the theoretical dependence of the variance in population transfer σ2p (equal to the
variance in phase) on different noise sources. Noise due to the atom source and the detection
has been considered in previous chapters and will not be considered here.
We will discuss the influence of technical noise sources on the transition probability p after
a π/2-π/2 Ramsey sequence. The analysis considers run-to-run fluctuations and assumes all
parameters to be constant during one interferometric sequence. The largest phase sensitivities
are typically achieved with measurements performed halfway up a Ramsey fringe, where the
transition probability is p = 1/2 and δp/δφ is maximal. The following discussion focusses
on this case. It can easily be generalised to arbitrary transition probabilities. In general,
p(Ωab,δ, tπ/2, T ) is a function of four parameters: the Rabi frequency Ωab, the detuning δ, the
beam splitter interaction time tπ/2 and the propagation time between the beam splitters T . A
detailed discussion of the interaction of two-level systems with electromagnetic radiation has
been given in chapter 1, which we will take as a basis for the following analysis. Typical time
scales for tπ/2 and T in atom interferometers are tπ/2 = 1− 100µs for the interaction and
T = 10−1000ms for the propagation time. The sensitivity of Ramsey-type atom interferometers
scales linearly with T , which is why the propagation time is generally chosen as long as possible.
The interaction time tπ/2 on the other hand provides the time scale at which coupling of the
interferometric states takes place. The interferometer is inherently more sensitive to noise
during this stage, and tπ/2 is generally kept as small as possible. A lower limit on t is
determined by the Rabi frequency Ωab, as for a resonant π/2-pulse Ωab = π/2tπ/2. Ωab is
typically limited by the available optical or microwave power. For reasons of clarity, we will
restrict the analysis in this section to the case tπ/2 ￿ T .
To simulate the noise on the slope (p = 1/2) of a Ramsey fringe signal, one needs to set tπ/2
and T such that the atomic state behaves in the desired way. We use the most straightforward
choice for tπ/2 and set
tπ/2 =
π
2Ωab
, (4.7)
the time equivalent to a resonant π/2-pulse. For an off-resonant driving field (δ ￿= 0), this
choice leaves the Bloch vector after the first beam splitter in a position that does not lie within
the equatorial plane of the Bloch sphere. An alternative choice [86] is to set the interaction
time such that the Bloch vector after the first beam splitter is always in the equatorial plane,
independent of the detuning δ. In the limit tπ/2 ￿ T the noise is only marginally affected by
this choice and we choose the simpler definition in equation (4.7). The time T is set such that
the Bloch vector rotates by an angle of π/2 during the free propagation between the two beam
splitters:
T =
π
2|δ| . (4.8)
Equations (4.7) and (4.8) leave the assumption tπ/2 ￿ T equivalent to |δ|￿ Ωab, and we
introduce the dimensionless parameter ￿ = |δ|/Ωab to make a Taylor expansion of the transition
probability p and the different noise contributions. The expansion is used only for clarity in
4.4 Technical noise sources 89
presentation; all calculations are done with exact expressions. We calculate p after a π/2-π/2
Ramsey sequence with the above assumptions to be
p =
1
2
− ￿+
￿
6−π
4
￿
￿3 +O[￿4]. (4.9)
Even for a rather unrealistically large detuning δ = 0.3Ωab, this expansion to third order differs
from the true value of p by less than 1%.
To calculate the influence of noise in different parameters on p(Ωab,δ, tπ/2, T ), we use the
standard method of propagating uncertainties. The dependence of the uncertainty σp on some
noise sources (like a fluctuating Rabi frequency) is only linear to first order in ￿. This statement
can sound confusing and will become clearer in the later parts of this section. It refers to the
fact that the discussion comprises several Taylor expansions, one in ￿ and one for each of
the noise sources considered (like the Rabi frequency). When the first order contribution of
a noise source vanishes to lowest order in ￿, it is possible for second order contributions to
have a dominant influence. We propagate the uncertainties to second order [74] to account
for that. A more detailed description of higher order uncertainty propagation has been given
in section 1.5.2. We divide the variance in p into three terms: the first-order, the second-order
single-variable and the second-order multi-variable contributions.
σ2p = σ
2
p, fo +σ
2
p, so-sv +σ
2
p, so-mv. (4.10)
The second-order multi-variable contribution can be understood as the effect of multiple
simultaneously fluctuating variables on the overall variance. The first-order term is the
standard textbook equation for the propagation of uncertainties,
σ2p, fo =
￿
∂ p
∂Ωab
￿2
σ2Ωab +
￿
∂ p
∂ δ
￿2
σ2δ +
￿
∂ p
∂ tπ/2
￿2
σ2tπ/2 +
￿
∂ p
∂ T
￿2
σ2T . (4.11)
The second-order single-variable contribution is
σ2p, so-sv =
κ− 1
4
￿ ∂ 2p
∂Ω2ab
￿2
σ4Ωab +
￿
∂ 2p
∂ δ2
￿2
σ4δ +
￿
∂ 2p
∂ t2
π/2
￿2
σ4tπ/2 +
￿
∂ 2p
∂ T2
￿2
σ4T

+ γ
 ∂ p
∂Ωab
∂ 2p
∂Ω2ab
σ3Ωab +
∂ p
∂ δ
∂ 2p
∂ δ2
σ3δ +
∂ p
∂ tπ/2
∂ 2p
∂ t2
π/2
σ3tπ/2 +
∂ p
∂ T
∂ 2p
∂ T2
σ3T
 .
(4.12)
Equation (4.12) contains the parameters κ and γ which quantify the kurtosis and skewness of
the probability distribution, respectively, and have been defined in section 1.5.2. We assume in
the following discussion that all variables follow a normal (Gaussian) distribution, for which
κ= 3 and γ= 0. Finally, we have for the second-order multi-variable contribution
σ2p, so-mv =
￿
∂ 2p
∂Ωab∂ δ
￿2
σ2Ωabσ
2
δ +
￿
∂ 2p
∂Ωab∂ tπ/2
￿2
σ2Ωabσ
2
tπ/2
+
￿
∂ 2p
∂Ωab∂ T
￿2
σ2Ωabσ
2
T
+
￿
∂ 2p
∂ δ∂ tπ/2
￿2
σ2δσ
2
tπ/2
+
￿
∂ 2p
∂ δ∂ T
￿2
σ2δσ
2
T +
￿
∂ 2p
∂ tπ/2∂ T
￿2
σ2tπ/2σ
2
T .
(4.13)
All of the above variances in p are functions of Ωab, δ, T and tπ/2 and are evaluated under
consideration of equations (4.7) and (4.8).
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4.4.1 Beam splitter noise
The terms contributing to the beam splitter noise are the amplitude (via Ωab), the frequency
(via δ) and the timing (via tπ/2) of the driving field. We will first consider the different noise
contributions separately, neglecting the multi-variable contributions. The expressions for the
different terms of the variance σ2p contain two different expansions: the Taylor expansion used
for propagating the uncertainty and the expansion in ￿ under the assumption of small detuning
δ. We will quote only the leading terms up to a combined order of four (e.g. up to ￿4, σ3Ωab￿,
σ2δ￿
2, etc.).
Beam splitter amplitude
The origins of fluctuations in the amplitude of the beam splitters and the Rabi frequency
Ωab depend on the nature of the beam splitter. For one-photon microwave coupling, the
power P of the microwave source is proportional to the square of the Rabi frequency, resulting
in σ2Ωab = σ
2
P/4P. In the case of a two-photon Raman or Bragg beam splitter, we have
Ωab = Ω(1)a Ω
(2)
b /2∆, leading to the same square proportionality for the power of each of the
two light fields. Depending on the coupling scheme, the Rabi frequency for Raman coupling
can have a rather complicated dependence on the power of the original microwave source.
The lowest order contributions to the variance in p for pure amplitude noise are
σ2p =
(π− 2)2￿2
4Ω2ab
σ2Ωab +
π4
32Ω4ab
σ4Ωab +O
￿{σΩab ,￿}5￿ . (4.14)
The variance σ2p is to lowest order in ￿ insensitive to fluctuations in Rabi frequency. The lowest
order would be represented by a term ∝ ￿0σ2Ωab , which is not present in equation (4.14). This
insensitivity is a property inherent to measuring halfway up a Ramsey fringe. Which of the
two terms in equation (4.14) dominates is determined by the ratio of relative Rabi frequency
fluctuations σΩab/Ωab to ￿.
Beam splitter detuning
The detuning of the beam splitters is given by the frequency difference between the driving
field and the atomic transition. Hence, both fluctuations in the driving frequency and in the
shift of the transition (e.g. due to fluctuating ac-Stark shifts) contribute to the variance in
transition probability. A change in driving frequency affects both the detuning during the
beam splitting process and the detuning during the free evolution time between the beam
splitters. Fluctuations in the transition probability caused by the coupling light via the ac-Stark
shift, on the other hand, only play a role during the beam splitting. While we will assume the
mean value of the detuning δ to be the same during beam splitting and free evolution time,
we allow for separate fluctuations σδ1 and σδ2 during the beam splitting and evolution time,
respectively. We discuss the influence of fluctuations σδ2 in section 4.4.2 and concentrate here
on the dependence on σδ1 . We have
σ2p =
1
Ω2ab
￿
1+
3(π− 6)
2
￿2
￿
σ2δ1 +O
￿{σδ1 ,￿}5￿ , (4.15)
a first order dependence on fluctuations in the detuning during the beam splitting process. The
main contribution here is not the effect of an imperfect π/2-pulse (leaving the Bloch vector
outside the equatorial plane after the first beam splitter), but the change in rotation around
the z-axis of the Bloch sphere during the pulse.
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Beam splitter duration
Precise and accurate control of the duration of the beam splitters tπ/2 is crucial to avoid
a deteriorated interferometer signal. It is affected not only by the actual timing control of
microwave and light fields but also by position fluctuations in the beam splitter light sheets
in a free-space interferometer as discussed in section 4.2. The lowest order contributions of
fluctuations in the beam splitter duration to σp are
σ2p = Ω
2
ab￿
2σ2tπ/2 +
1
2
Ω4abσ
4
tπ/2
+O
￿{σtπ/2 ,￿}5￿ . (4.16)
Similar to the Rabi frequency dependence in equation (4.14), σ2p is to lowest order insensitive
to fluctuations in tπ/2.
4.4.2 Propagation noise
Unlike the state manipulation in the beam splitters, the propagation of the atomic states
between the beam splitters represents a time where ideally the states are decoupled from
all environmental noise sources. Firstly, this decoupling is never achieved in perfection, and
fluctuating ambient or trapping fields lead to shifts in the atomic levels. Secondly, a Ramsey-
type interferometer relies on the phase comparison of the atomic system with a local oscillator,
usually the microwave source. Noise on the local oscillator couples to the measured transition
probability p at the output of the interferometer.
Level shifts
Shifts of the internal atomic levels during the free propagation lead to changes in detuning
between the local oscillator and the atomic resonance. The same is true for fluctuations of the
local oscillator frequency itself. We will here consider the case where detuning fluctuations
take place only during the free propagation time, with a variance of σ2δ2 . The effect on the
variance in the transition probability is
σ2p =
1
Ω2ab
￿
π2
16￿2
− π
2
4
− π
4 + 8π3− 80π2
128
￿2
￿
σ2δ2 +
1
Ω4ab
￿
π4
32￿2
+
π5− 6π4
64
￿
σ4δ2
+O
￿{σδ2 ,￿}5￿. (4.17)
Equation (4.17) contains terms proportional to 1/￿2 that diverge for small δ→ 0. This is due
to the propagation time T , which is inversely proportional to |δ|, as in equation (4.8). A small
detuning δ implies a long propagation time T , and thus a long time during which the changed
detuning affects the phase of the atomic states. This increased sensitivity to noise at large T
goes along with an increased interferometric phase sensitivity. A large T is generally preferred
to achieve better interferometric phase sensitivity, but there are in practice limitations on how
long a propagation time can be realised.
Propagation time
Like for the duration of the beam splitters, a precise propagation time T between the beam
splitters is desirable. The noise dependence is
σ2p =
Ω2ab￿
2
4
σ2T +O
￿{σT ,￿}5￿ . (4.18)
92 Chapter 4. Interferometry with Bose-condensed atoms
Not surprisingly, σ2p is more sensitive to fluctuations in T at large detunings δ. A large detuning
corresponds to a fast evolution rate of the atomic phase relative to the local oscillator, and the
sensitivity to fluctuations in the phase evolution time T is enhanced.
4.4.3 Combined noise contributions
So far, we have considered second order uncertainty propagation in the variance in p only
for separate fluctuations of single variables. In higher order uncertainty propagation, one
has to take into account the combined noise contributions from different variables. Without
discussing the details of the expression, we quote here the relevant expression for the variance
σ2p:
σ2p =
1
Ω4ab
(π− 2)2
4
σ2Ωabσ
2
δ1
+
π2
4
σ2Ωabσ
2
tπ/2
+σ2δ1σ
2
tπ/2
+
1
Ω4ab
π2σ2δ1σ
2
δ2
+
1
4
σ2δ2σ
2
T+O
￿{σx ,￿}5￿
(4.19)
Equation (4.19) contains only second order uncertainty propagation terms, and only the lowest
order of the expansion in ￿ is considered.
4.5 Summary
Free-space atom interferometry is a technique with enormous potential for precision mea-
surements. This chapter presents results on the first free-space Ramsey interferometer using
an atom laser as a source, accomplished as part of this thesis. The interferometer operates
on the first order magnetically insensitive transition | f = 1,mf = 0〉 → | f = 2,mf = 0〉 of
Bose-condensed 87Rb atoms. We investigate different optical setups to provide stable Raman
coupling and achieve the highest stability using an amplitude modulation scheme based on an
electro-optic modulator in a Sagnac interferometer. The coupling setup is stable enough to
yield quantum projection noise limited performance of the beam splitters for atom numbers of
the order of N ￿ 104. In addition to the free-space interferometer, we summarise results on
our in-trap interferometry experiment. Finally, the influence of different noise sources on the
interferometric signal for a typical π/2-π/2 Ramsey sequence is analysed theoretically.
The presented free-space interferometer is based on a purely internal state beam splitting
scheme. The obvious next step for investigating the potential of Bose-condensed sources
for atom interferometry is including external state beam splitting, introducing sensitivity
to spatial effects. A proof-of-principle experiment has already been realised in the form
of a gravimeter [135], and the setup will be extended to measure gravity gradients with
two simultaneously operated atom interferometers at different spatial positions. Due to
its narrow velocity distribution, the atom laser is well suited for large momentum transfer
beam splitters, which are generally highly velocity selective. Large momentum transfer beam
splitting offers a promising route towards increased interferometric sensitivity. In addition
to a precise localisation in momentum space, Bose-condensed sources can provide excellent
spatial localisation. Whereas thermal atom interferometers rely on internal state labelling for
the readout of the interferometer, Bose-condensed atom interferometers can circumvent this by
spatially separating the two interferometer states for the readout. Such a technique facilitates
the implementation of a purely external (momentum) state interferometer and the possibility
to neglect all noise sources introduced via the differential energy shift of different internal
states.
The quantum projection noise limited performance of the interferometer is interesting
from the point of view of using reduced quantum uncertainty (squeezed) states. The results
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presented are of importance for the realisation of squeezing in free-space and in-trap atom
interferometry, in particular those involving coherent atoms extracted from a Bose-Einstein
condensate. When the major noise contribution is given by the quantum projection noise
of the population in the two interfering states, squeezing of the pseudo-spin representing
the effective two-level system can significantly decrease the variance and thus increase the
interferometric sensitivity. There have been different proposals of how to achieve squeezing of
an atom laser beam [136, 137] which can potentially be realised in our setup. An increase in
interferometric sensitivity via squeezing in a Bose-Einstein condensate has been realised by
Gross et al. [31] and Riedel et al. [32]. It remains to be seen whether the potential advantages
of Bose-condensed sources, such as the narrow velocity width and the possibility to squeeze,
are sufficient to overcome the difficulties of low average flux and detrimental atomic interaction
effects for applications in atom interferometry.
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Chapter 5
Towards a continuous atom laser
source
Bose-Einstein condensates and atom lasers offer intriguing opportunities for applications in
precision measurements and atom interferometry. The narrow velocity width, the well-defined
spatial localisation and the wide range of possibilities to be explored via atomic interactions are
among the main advantages of Bose-condensed atoms compared to thermal sources. However,
the operation of atom lasers is so far restricted to either the pulsed or the quasi-continuous
regime. The relevant time scale for this classification is determined by the energy (or frequency)
width of the trapped condensate. Pulsed atom lasers operate in the regime where the Fourier
width of the outcoupling pulse is of the order of the condensate frequency width, which is
equivalent to outcoupling a scaled-down copy of the atom cloud in the limit of infinitely short
pulses. The quasi-continuous case on the other hand refers to outcoupling with a frequency
width small compared to the condensate width, effectively addressing only a small part of the
cloud. The properties of such a quasi-continuous beam, such as instantaneous flux and beam
profile, have been studied in detail [91, 100, 102] and can be expected to represent well the
case of a truly continuous beam.
A truly continuous and phase coherent atom laser has not been achieved to date. An atom
laser can only be outcoupled until the Bose-Einstein condensate that serves as a source (the
lasing condensate) is depleted, and a continuous atom laser is an intriguing challenge for a
variety of reasons:
Continuous high-bandwidth sensing: The most sensitive thermal atom interferometers are
based on laser cooled atom clouds. The detection is commonly realised via a subsequent
measurement of the atomic population in two different states, and the achievable
bandwidth of the measurement is limited by the repetition cycle of the apparatus. Having
a continuously operating apparatus circumvents this issue, and atom interferometers can
in fact be operated using continuous thermal beams. It is critical to not only continuously
operate the interferometer, but also to continuously and separately detect the two atomic
states involved. If only one state is detected, the interferometer output is sensitive to
atom number fluctuations in the interferometer source. There are certainly schemes that
allow for state sensitive and continuous detection in beams of thermal atoms. An atom
laser, however, can have the advantage of an excellent spatial localisation [100], making
it well suited for achieving continuous and state sensitive detection, in particular when
the internal atomic state is identical at both interferometer outputs and thus cannot be
used for labelling purposes. The spatial localisation of the atom laser should be seen
as an advantage enabling the use of a wider range of detection schemes and offers an
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intriguing path towards a highly sensitive high-bandwidth detection device.
A reduction of noise sources: Atom interferometers based on continuous sources offer the
potential to reduce the effect of a variety of noise sources. Firstly, the aliasing phe-
nomenon known as the Dick effect [138] can lead to an enhanced influence of high
frequency noise when the interferometer is operated in pulsed mode. In a continuously
operating device, the effect can be strongly suppressed. Secondly, in atom interferome-
ters based on Bose-condensed sources, strong atomic interactions can lead to dephasing
and have to be considered in a complete noise analysis. In a continuously operating
device with the same average flux as that of a comparable pulsed source, the density is
reduced and atomic interactions play a less significant role. Finally, the linewidth (i.e.
the longitudinal velocity distribution) of a continuous atom laser [139] is substantially
narrower than that of a pulsed source of comparable flux.1
Fundamental interest: Atom lasers are coherent matter waves that bear striking similarities
to optical lasers, devices that are nowadays widely used for applications in science,
industry and everyday life. The main reasons for the importance of optical lasers are
their unique coherence properties and high brightness that offer significant advantages
over thermal light sources. It is of fundamental interest to investigate an atom laser
that is operating in the truly continuous regime, therefore being the exact analogue of
a continuous optical laser. A continuous source of Bose-Einstein condensed atoms has
been achieved [36], but not while maintaining the phase of the condensate, which is
crucial for a truly phase-coherent beam. The experiments presented in this chapter have
not been fully described by a theoretical model yet, and characterising the underlying
mechanism is a challenge worthwhile pursuing.
One of the major disadvantages of using Bose-condensed sources compared to thermal atoms
in precision measurements is the lower average flux achievable. One might think that achieving
a continuous atom laser implies an increase in flux and thus in interferometric sensitivity.
However, the flux in modern BEC experiments is determined by the atom number per duty
cycle time that can be produced in the condensate serving as a source for the atom laser. The
average flux in the source condensate is what ultimately limits the flux of an atom laser, and
this holds true for a continuous beam just as well as for a pulsed atom laser.
The continuous operation of an atom laser requires a mechanism that coherently replenishes
(or pumps) a lasing condensate. Such a pumping mechanism needs to be irreversible in order
to guarantee the net transfer of atoms into the lasing mode. In this chapter, we will present
results on pumping a Bose-Einstein condensate and an atom laser. We start by introducing
the scheme used to pump the atom laser. After a brief review of the results achieved in the
continuous pumping regime [140], we will present both experimental and theoretical results
on the pulsed pumping of a Bose-Einstein condensate, as published in [141]. The focus will be
on the experimental part of the pulsed pumping work which was done as part of this thesis.
The last part of the chapter contains so far unpublished results aimed at illuminating the
fundamental process responsible for the pumping achieved in both [140] and [141].
5.1 The pumping scheme — an introduction
In the following, we will give an introductory description of the most important character-
istics of the pumped atom laser; details on the exact setup will be presented in section 5.3.
1This is not a noise source in the strict sense. However, it allows for improved addressability of the momentum
state in the longitudinal direction.
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The pumping scheme is based on a two-condensate system, and population is transferred
coherently from a source condensate to a lasing condensate. An atom laser is produced in
the | f = 2,mf = 0〉 hyperfine ground state of 87Rb from a trapped | f = 2,mf = 2〉 source
condensate using radio frequency (rf) induced spin-changing transitions. After a short fall
distance, the atoms in the untrapped | f = 2,mf = 0〉 transfer component enter a large| f = 1,mf = −1〉 lasing condensate (see also figure 5.2). The falling atoms are exposed to an
upwards propagating light field with a well-defined linear polarisation, inducing a population
transfer from the atoms in the transfer component into the lasing condensate. The inferred
mechanism for this transfer is that the | f = 1,mf = −1〉 condensate stimulates transitions
from the | f = 2,mf = 0〉 state mediated by the linearly polarised optical field, effectively
‘drawing’ them in from the falling beam. The transfer can be realised both in the continuous
case, where the transfer component is an atom laser beam exposed continuously to the light
field, and in the pulsed regime, with a subsequent application of a transfer pulse and the light
field. The pumping scheme implies that the momentum of the transferred atoms has to vanish
in order to match the (zero) momentum of the pumped condensate. The possible resonances
corresponding to this matching condition relate to a momentum transfer of either 0ħhk or 2ħhk
from the light field to the atom laser beam, where ħhk is the momentum of the photons driving
the pumping process. As discussed in [140] and [141], the two possible underlying processes
for the stimulated transition are (a) Bose-stimulated Raman scattering [142, 143] and (b)
resonant coupling driven by electromagnetically-induced transparency (EIT) [144]. Each of
these two processes has characteristic features regarding the above mentioned momentum
resonance. Whereas in case (a) both of the momentum resonances are in principle conceivable,
the process analogous to the work in [144] is restricted to a momentum transfer of 0ħhk. By
investigating the occurrence of momentum resonances, one can draw conclusions about the
underlying physical process of the pumping, and this is one the major focus of this chapter.
We shall find in section 5.3 that the momentum resonance related to the pumping scheme is
restricted to a 2ħhk momentum transfer — isolating Bose-stimulated Raman scattering as the
underlying mechanism.
In the described scheme, the source cloud is not generally required to be a Bose-Einstein
condensate. In principle, a thermal cloud could be used just as well, as the coherence of the
process is determined by the stimulation process into the lasing condensate and not by the
coherence properties of the source cloud itself. For an efficient transfer, it is however desirable
to have a large fraction of the source cloud atoms in a momentum state and at a spatial position
compatible with a possible stimulation into the lasing condensate. Its narrow spatial width
and momentum distribution make a Bose-Einstein condensate a good candidate for these
requirements. The reason for using a Bose-Einstein condensate as a source cloud is thus not
given by the coherence of the cloud but by the achievable transfer efficiencies.
5.2 Continuous pumping performance
In 2007, a pumping mechanism was achieved by Robins et al. [140] in the regime where the
replenishment is realised at time scales corresponding to quasi-continuous operation of the
atom laser (of the order of 100ms). The quasi-continuous regime refers to both the atom laser
outcoupling process from the source condensate and the light field inducing the pumping into
the lasing mode. An atom laser is outcoupled from the source for an operation time of 200ms
while simultaneously shining on the vertically propagating pumping light. The measurements
show that up to 35% of the original | f = 2,mf = 2〉 cloud is coherently transferred to the| f = 1,mf = −1〉 condensate. The results by Robins et al. clearly show coherent population
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Figure 5.1: Coherent population transfer
in the continuous pumping scheme, as mea-
sured by Robins et al. [140]. The ab-
sorption images are taken in time of flight
and depict the population transfer from the
source ( f = 2) into the lasing ( f = 1)
mode. The data shows an increase in popu-
lation in the lasing mode corresponding to a
transfer efficiency of￿ 35%. The graphs be-
low are vertically averaged horizontal cross
section showing the average optical density
in the central region of the cloud.
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transfer and are an impressive illustration of the first pumped atom laser.
5.3 Investigating the pumping process
The continuous nature of the experiment discussed in the previous section and the extreme
stability required to operate it make it difficult to perform quantitative measurements of the
temporal dependence and the above mentioned momentum resonances. This is no longer true
when studying the pumping scheme in pulsed mode, and our aim in this section is to isolate
and measure the process that drives the pumped atom laser. We present experimental and
theoretical results on the pumping mechanism operating in the pulsed regime. A coherent
population transfer between the source and the lasing condensate is realised by means of an
atom laser transfer pulse. The time scales of the population transfer are of the order of the
inverse of the frequency width of the condensates (∼ 10kHz). This offers the opportunity to
characterise the pumping mechanism in a different temporal regime compared to [140]. In
fact, one of the major motivations for studying the pumping mechanism in the pulsed regime is
the temporal resolution of the measurement. The timing of the transfer pulse and the pumping
light can be controlled independently to investigate the importance of relative delay times.
This allows us to draw conclusions about the fundamental process underlying the pumping
mechanism. In addition, the pulsed outcoupling allows for significantly higher densities (and
thus larger detection signals) in the transfer pulse. This means that the population in the pulse
can be used as the detection channel, which is not possible for the dilute transfer beam in
the continuous pumping experiment [140]. Although the signal in the transfer pulse is larger,
the absolute transferred number of atoms is decreased compared to the continuous case. The
relative change in atom number in the lasing condensate (which is the major indicator of
population transfer in [140]) is too small to be detected in the pulsed experiment. As opposed
to the work in [140], we thus detect the population transfer by measuring the depletion of the
transfer pulse instead of an increase of atom number in the lasing mode after the pumping.
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Figure 5.2: Sequential illustration of the experiment. (a) The setup includes a source and a lasing
condensate trapped in the same QUadrupole-Ioffe Configuration (QUIC)-trap. (b) A pulse of atoms is
outcoupled from the source cloud and is accelerated downwards due to gravity. (c) As the atoms fall, a
variable delay pulse of π-polarised light is applied. (d) Atoms are transferred to the lasing condensate.
The atoms in the transfer pulse continue to fall and are (e) detected via absorption imaging.
Additionally, we measure the temperature of the lasing condensate after the pumping pulse
and present data on the energy spectrum of the two-condensate system.
5.3.1 Setup
We shall focus on a description of the details specific to the pulsed pumping experiment;
a more detailed description of the general experimental setup to achieve a well-controlled
initial number in the source and the lasing condensate will be given in section 6.2.1. We
produce two Bose-Einstein condensates in the hyperfine ground states | f = 1,mf = −1〉
and | f = 2,mf = 2〉. The two atomic clouds are trapped in the same harmonic magnetic
trap and are spatially separated by 7.3µm due to their different gravitational sags. The
upper (lower) of the two condensates is referred to as the source (lasing) condensate. By
radio frequency (rf) induced spin-flips we can coherently transfer atoms into a magnetically
insensitive state and thus outcouple an atom laser beam from either of the two clouds. For the
implementation of the pulsed pumping mechanism (see figure 5.2), we apply a short (40µs)
outcoupling pulse resonant with the source condensate. The | f = 2,mf = 0〉 outcoupled pulse
of atoms (the transfer pulse) accelerates downwards due to gravity, and propagates through
the | f = 1,mf = −1〉 condensate. At a well defined time during the travel of the transfer pulse,
we apply a pulse (150µs) of linearly polarised pumping light in the vertical direction, opposite
to the movement of the atoms as they fall under gravity. The intensity of the pumping light is
of the order of 30µW/cm2 and is adjusted such that for the pulse length chosen we observe a
loss of ￿ 20% from the transfer pulse due to spontaneous emission. Thus we make sure that
there is a reasonable amount of interaction between the transfer pulse and the pumping light
which can then be significantly increased by Bose-stimulation in the presence of the lasing
mode. The stimulation into the lasing mode is the major process we aim to illuminate with this
work. The light is blue-detuned by two natural linewidths from the f = 2→ f ￿ = 1 transition.
In order to investigate the pumping process, we adjust the timing of the pumping light pulse
applied to the system.
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Figure 5.3: (a) Remaining atom number in the transfer pulse as a function of the time delay of the
pumping pulse. The absorption pictures show the remaining atoms in the transfer pulse after the
pumping process. (b) Inferred efficiency of the pumping process as a function of the size of the lasing
condensate. We define the efficiency as the ratio of the transferred atom number to the total atom
number in the transfer pulse.
5.3.2 Experimental results
Figure 5.3(a) displays the number of atoms left in the transfer pulse after the pumping when
we vary the time delay of the light pulse. Changing the delay clearly affects the atom number
remaining in the transfer pulse. The data shows a resonance centred at a time 1.1ms after
the outcoupling pulse, suggesting an enhanced transfer of atoms into the lasing condensate.
In figure 5.4 we show the heating of the | f = 1,mf = −1〉 cloud as a function of the delay
time, measured with a 100µs long pumping light pulse. Heating can be present due to
absorption and spontaneous re-emission of photons from the pumping light pulse and of
photons re-emitted by the transfer pulse. Again, the curve reaches a minimum value with
no significant heating at 1.1ms. The heating does not increase for delay times above the
centre of the resonance, which may be explained by the transfer pulse shielding the lasing
condensate from the emitted resonant photons. The sets of data in figure 5.3 and figure 5.4
indicate that the underlying process occurs predominantly at a pulse delay time of 1.1ms,
and the resonance data shows that the | f = 1,mf = −1〉 condensate mediates the process,
since without this condensate there is no loss from the pulse (see figure 5.3(b)). The 1.1ms
resonance is consistent with the time a free falling atom takes to travel the distance of 7.3µm
between the two condensate centres (1.2ms). In this time, freely falling atoms reach a velocity
of 1.3 cm/s. This velocity is equivalent to the absorption and subsequent emission of a photon,
giving a ∼ 2ħhk momentum kick. Indeed, we set the distance between the f = 1 and f = 2
condensates in order to achieve exactly this situation. Our measurements support the ∼ 2ħhk
momentum kick, indicating that the optical pumping pulse effectively stops the atoms. This
requires that the emitted photon must be emitted almost straight down and shows that the
emission process is not spontaneous. Downward emission is not favoured for spontaneous
emission of σ-polarised light, which follows the angular emission dependence of a rotating
dipole, fσ(θ) = 3/16π(1 + cos2 θ). The emission angle θ is defined with respect to the
magnetic field axis, pointing in the direction of the so-called ‘end-fire’ mode [145]. The emitted
light is resonant with the | f = 1,mf = 0〉 → f ￿ = 1 transition and needs to be σ-polarised as
the |1,0〉 → |1,0〉 π-transition is dipole-forbidden. The difference to a spontaneous emission
process is the stimulation through the lasing condensate. Nonetheless the photon is emitted
irreversibly and propagates away from the condensate after the stimulation process.
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Figure 5.4: Width of the lasing conden-
sate (normalised to the width with no
pumping light applied) as a function of
the time delay of the pumping pulse. The
two insets show the integrated density
profile of the (expanded) lasing conden-
sate for two different time delays of the
pumping pulse.
To prevent a disturbance of the pumping process by the atom laser outcoupling, the
measurements presented in figure 5.3 and figure 5.4 do not extend to a zero time delay. The
data in figure 5.4, however, suggests a large heating rate when approaching small time delays.
More information on the zero time delay resonance corresponding to a vanishing momentum
transfer is obtained from a spectroscopic analysis of the source and the lasing condensate
(figure 5.5). We apply a 100ms weak radio frequency pulse to the system and separately
measure the loss from each of the two condensates due to this outcoupling process. The
measurement is repeated for different outcoupling radio frequencies, effectively addressing
different spatial regions of the two-condensate system. Using this state-selective data on the
loss from the two condensates, we create resonance loss curves as displayed in figure 5.5. The
operating region for the long pulse atom laser in the pumping experiment [140] is indicated by
the shaded area. The area is clearly separated from the small overlap region of the source and
the lasing condensate. This overlap region is the only place where an EIT-like pumping process
with vanishing momentum transfer [144] could occur. Due to the narrow spectral width of the
outcoupling field, this process can therefore be ruled out for the continuous pumping in [140].
Overall, we can draw three main conclusions from the data presented above:
(a) The | f = 1,mf = −1〉 lasing condensate significantly enhances transitions of atoms from
the transfer pulse into the | f = 1,mf = −1〉 state. Figure 5.3(b) indicates an absence of
transfer when there is no lasing condensate present.
(b) These transitions primarily occur at a position in space that maximally overlaps with the
lasing condensate. As can be seen from figure 5.3(a), the overlap of the condensate and
the transfer pulse is crucial for the pumping process. There is no significant heating of the
lasing condensate at the point of transfer.
(c) The position of transfer allows the absorption of a pump beam photon and emission of a
photon downwards that cancel the 2ħhk momentum gained in falling to that position. The
described 2ħhk momentum resonance is favourable compared to a 0ħhk resonance, where
atoms are transferred immediately after the outcoupling of the transfer pulse in the (very
small) overlap region of the two condensates. This implies that the underlying mechanism
for the pumping is a Raman superradiance-like process and not a resonant coupling driven
by EIT.
Given that the process is fundamentally equivalent to the work on Raman superradiance
by Schneble et al. [142] and Yoshikawa et al. [143], it is worth illuminating some of the
similarities and differences. In the superradiance work, a coherent recoiling pulse of atoms
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Figure 5.5: Spectroscopic re-
sults for the source ( f = 2, red
crosses) and the lasing ( f = 1,
blue circles) condensate. The
solid lines are Gaussian fits to
the data. The operating region
(shaded area) is clearly sepa-
rated from the overlap region
between the two condensates.
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is spontaneously produced from a Bose-Einstein condensate via off-resonant light. The pulse
forms a matter wave grating with the original condensate that it propagates through. The
off-resonant light scatters off the grating and by doing so transfers more and more atoms into
the propagating pulse, which is the effect of superradiance. Raman superradiance refers to
the particular case where the internal atomic states of the original BEC and the pulse are
different. The process depends strongly on the depth of the matter wave grating and hence
on the number of atoms present in the pulse. In our scheme, the grating is formed by the
transfer pulse and the lasing condensate. As opposed to the work in [142] and [143], the
orientation of the grating is set by the experimental geometry (the propagation direction of
the transfer pulse) and not by the preferred direction of light emission. Our results show that
a Raman superradiance-like process can occur in this non-preferred geometry. The grating
in our experiment is oriented horizontally, and photons are necessarily emitted downwards,
not in the direction of the ‘end-fire’ mode [145]. Finally, we work with pumping light only
slightly blue-detuned by two natural linewidths, whereas the detunings in [142] and [143]
are significantly larger, 340MHz and 2.6GHz to the red, respectively.
Increasing the pumping light detuning
The data presented above was taken with pumping light blue-detuned by approximately
two linewidths (12MHz) from the atomic resonance. The spontaneous emission rate for this
detuning is of the same order of magnitude as the pumping rate into the lasing mode. One might
expect the ratio between these two effects to improve when increasing the detuning. This should
allow for stronger pump power while maintaining the same amount of spontaneous emission.
A measurement of the remaining atom number in the transfer pulse has been performed with a
pumping light detuning of 150MHz to the red, fully equivalent to the measurement presented
in figure 5.3(a). The data is shown in figure 5.6. As in the previous case, we adjust the pumping
power such that we observe a loss of about 20% due to spontaneous emission. Instead of a
resonance dip as in figure 5.3(a), we observe a decrease in transfer population for short delay
times smaller than ∼1.5ms. However, it turns out that this measurement is strongly influenced
by what we believe is Bragg scattering in a standing wave formed by the vertically propagating
pumping light and its reflection off the upper wall of the vacuum glass cell. For longer delay
times, the atoms have gained enough velocity to be out of resonance with the Bragg transition,
whose Fourier width is determined by the inverse of the length of the pumping pulse, ∼10kHz.
We cannot draw any conclusions on the pumping mechanism from the 150MHz detuning
measurement.
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Figure 5.6: Remaining
atom number in the transfer
pulse for pumping light
detuned 150MHz to the
red. The data is strongly
influenced by an altered
shape of the transfer pulse
which we assume to be due
to Bragg scattering caused
by a reflection off the glass
cell.
5.3.3 Theoretical simulations
To confirm the conclusions drawn in the previous section, our experiment has been modelled
theoretically using the Maxwell-Schrödinger equations [146]. The modelling was performed by
Graham Dennis [141, 147] and will be summarised in this paragraph. The model gives further
insight into the pumping mechanism and is necessary as a motivation for the measurements in
the subsequent section. The Maxwell-Schrödinger equations are a mean field approximation to
the coupled light-atom system derived from the Hamiltonian
Hˆ = Hˆatom + Hˆrf + Hˆlight + Hˆint, (5.1)
with
Hˆint = −
￿
g,e
￿ ￿
Ψˆ†e(r )Ψˆg(r )d eg + h.c.
￿ · Eˆ(r )d3r . (5.2)
Hˆatom includes the usual kinetic energy, trapping potential and mean field interaction terms
for the f = 1,2 manifolds, Hˆrf is the rf outcoupling term and Hˆlight is the self-energy of the
light field. The electric dipole moment between states e and g is d eg , and Eˆ(r ) is the electric
field operator. In this model, the mean field interaction has been retained, and spontaneous
emission has been approximated as a loss term for the appropriate atomic states. As shown in
figure 5.7, the calculated change in atom number of the transfer pulse is in good qualitative
agreement with the experimental results in figure 5.3(a). There is a slight difference of about
0.2ms in the experimental and the theoretical resonance position, which we do not have a
definite explanation for so far. In addition to the expected minimum in figure 5.7 near a 1ms
delay, there is a local minimum at zero delay corresponding to the 0ħhk momentum resonance.
An examination of the heating curve in figure 5.4 and the spectroscopy in figure 5.5 however
excludes the possibility that the 0ħhk momentum resonance could have significantly contributed
to the pumping effect observed in our previous continuous experiment [140] and further
investigated in this chapter. The occurrence of the 0ħhk momentum resonance in figure 5.7 can
be attributed to the Fourier width of the outcoupling pulse, which is comparable to the spectral
width of the source condensate and allows outcoupling in the overlap region of the two clouds.
Due to its mean field nature, our theory does not allow for a calculation of heating so that we
cannot model the results in figure 5.4.
The heating measurements of the lasing condensate as a function of the pumping delay
display a feature that one would not intuitively expect. At a delay of approximately 1.1ms there
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Figure 5.7: Theoretical re-
sults for the remaining atom
number in the transfer pulse
as a function of the time de-
lay of the pumping pulse. A
resonance near a time delay
of ∼1ms is visible, approxi-
mately in agreement with the
experimental results from fig-
ure 5.3(a) (grey points). The
theoretical graph indicates a
second resonance around a
delay of 0ms, which is ex-
cluded by the experiment due
to the large heating rate at
this time delay and the spec-
troscopic measurements in
figure 5.5.
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is an increase in the number of atoms lost from the transfer pulse as shown in figure 5.3(a), and
this must correspond to an increase in the number of photons emitted that are resonant with
the lasing condensate. Despite this, there is significantly less heating of the lasing condensate
when the pumping pulse is applied at a 1.1ms delay than, for example, at a delay of 0.4ms
(see figure 5.4), when fewer resonant photons are emitted. This reduction in heating cannot
be explained by collisional heating from the falling atoms. Although each falling atom will
at most have 1.4 times the chemical potential of the lasing condensate in kinetic energy,
the atom number in the transfer pulse is only 20% of the number in the lasing condensate.
One possible explanation for this observed reduction in spontaneous heating is a quantum
mechanical destructive interference between two heating processes. This possibility has been
shown theoretically to lead to a suppression of spontaneous heating in the boson-accumulation
regime (BAR) [148, 149]. The experiment described here is deep into the BAR which requires
that an excited atom is more likely to be stimulated to decay into the condensate mode than
to emit a photon in a random direction. For our experimental parameters, we estimate this
branching ratio to be η ≈ 100.
5.4 Atom-light interaction in the boson-accumulation regime
In the pulsed pumping experiment, we can observe a clear suppression of heating due to spon-
taneous emission for a time delay of the pumping pulse corresponding to the 2ħhk momentum
resonance. We mentioned in the previous section that a possible explanation for the suppressed
heating is a quantum mechanical destructive interference process in the boson-accumulation
regime [148, 149]. In this section, we shall further investigate the boson accumulation regime
by testing the interaction of a Bose-Einstein condensate with on-resonant light. This is done
in the simplest possible way, by illuminating a trapped condensate with a (square) pulse of
on-resonant light of variable width, while measuring the loss of atoms from the cloud. Atoms
from the condensate are excited by the resonant light and can decay to different ground
states according to atomic selection rules, either via a spontaneous or a stimulated process.
For a thermal cloud, spontaneous decay is expected to be the dominant process, while for a
Bose-Einstein condensate there is the possibility of stimulated processes overwhelming the
spontaneous decay. In principle, the described setup should allow the investigation of the
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Figure 5.8: Level scheme of the 52S1/2 and 52P3/2 states in 87Rb and possible decay paths for two
different condensate states and excitation paths. The numbers on the decay paths indicate the relative
transition probabilities. Energy differences between the levels are not to scale. The excitation transitions
chosen are (a) | f = 1,mf = −1〉 → | f ￿ = 0,m￿f = 0〉 and (b) | f = 2,mf = 2〉 → | f ￿ = 3,m￿f = 3〉.
boson-accumulation regime. Whereas the heating data shown in figure 5.4 is based on a
measurement of cloud width, we will present a number loss measurement in this section. We
separately measure the loss of atoms from a thermal cloud and a BEC when illuminated with
resonant light, enabling a direct comparison between Bose-condensed and thermal atoms and
thus facilitating the isolation of BAR related effects. The light shone on the atom cloud is
chosen to be resonant with either the f = 1→ f ￿ = 0 or the f = 2→ f ￿ = 3 transition, for
reasons that will be explained in the following paragraphs.
5.4.1 Several decay paths
We want to investigate the process responsible for the absence of heating as discussed in section
5.3. The lasing condensate is in the | f = 1,mf = −1〉 state, and we choose the same state
for a first investigation of the BAR regime. As shown in figure 5.8(a), a resonant light pulse
is applied on the | f = 1,mf = −1〉 → | f ￿ = 0,m￿f = 0〉 transition. This transition is chosen
for reasons of simplicity, as there are only three allowed decay paths from the excited state.
The f = 2 ground state hyperfine manifold can be neglected in this situation. In the absence
of a stimulating field, the transition probabilities for an atom in the | f ￿ = 0,m￿f = 0〉 state to
decay to the three Zeeman sublevels of the f = 1 ground state are equal. In the measurement,
we record the loss of atoms for pulse lengths of 100µs, 1ms and 130ms as a function of
applied pumping light power. For otherwise identical settings, the data is taken both for a
pure Bose-Einstein condensate and a thermal cloud just above the transition temperature.
The results are depicted in figure 5.9. The data for a 100µs pulse, approximately the same
pulse length as is used in section 5.3, show a slightly faster decay of the thermal cloud for low
light powers. While the number in the condensate reaches zero at about 40µW, the curve for
a thermal cloud starts to rise again at powers larger than ∼ 30µW. We do not have a clear
explanation for this effect yet. For a 1ms light pulse, the number in the thermal cloud and the
condensate behave similarly up to powers of about 1.5µW. For larger powers, the condensate
number vanishes faster than the number in a thermal cloud. Finally, when applying a 130ms
pulse of light, the behaviour is different again, and the thermal number decays a factor of
two faster than the number in the condensate. The experimental data by itself is not very
conclusive. It suggests that there are different competing loss mechanisms, each dominating at
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Figure 5.9: Loss of atoms from a
| f = 1,mf = −1〉 Bose-Einstein conden-
sate (blue dots) and a thermal cloud (red
circles) as a function of the applied pumping
light power. The data corresponds to a pumping
light pulse length of (a) 100µs, (b) 1ms and
(c) 130ms. The thermal and BEC loss curves
show a significantly different behaviour in the
short and the long pulse regime.
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different light powers. One factor that has to be taken into account in an analysis like this is the
saturation of the atoms at large intensities. This will have a different effect on a thermal cloud
compared to a Bose-Einstein condensate, as the latter one has a significantly larger optical
depth. In the following paragraph, we shall investigate the same regime on a different atomic
transition, with the aim of further understanding the loss of atoms during the resonant light
interaction.
5.4.2 Single decay path
Exciting atoms on the f = 2→ f ￿ = 3 transition offers the possibility to use a cycling transition,
i.e. the restriction to a single decay path. This constraint enables us to directly see the decay
from the condensate into the thermal fraction of one single internal ground state. Atoms from
the condensate being excited to the upper state can to a very good approximation only decay
down to the original state. We prepare a condensate in the | f = 2,mf = 2〉 state and illuminate
it with circularly polarised light resonant with the | f = 2,mf = 2〉 → | f ￿ = 3,m￿f = 3〉
transition. In this situation the two competing processes are spontaneous and stimulated decay
on the same (| f = 2,mf = 2〉 → | f = 3,mf = 3〉) transition. We measure the loss of atoms
from the condensed into the thermal part of the cloud. It would also be interesting to compare
the loss of atoms from the condensate to the heating rate of a thermal cloud. Our imaging
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Figure 5.10: Loss of atoms from the | f = 2,mf = 2〉 condensate to the thermal fraction of the cloud as
a function of pumping light power. Pulse lengths chosen are (a) 100µs and (b) 100ms.
resolution however is not sufficient to resolve the small heating rates for the powers associated
with the measured loss of atoms from the condensate, and a direct comparison is difficult.
Figure 5.10 shows a measurement of loss from the condensate into the thermal fraction of the
cloud as a function of pumping light power. The measurement is performed for pulse lengths
of 100µs and 100ms. The pumping light powers at which the condensate is lost and only
thermal atoms are left are significantly lower (about a factor of 50) than the ones where we
see atom loss using the f = 1→ f ￿ = 0 transition.
5.4.3 Further interpretation
There is a clear difference in the pumping light levels leading to loss from the condensate on
the two exciting transitions presented in the previous two paragraphs. The difference cannot
be explained by the transition probabilities of the transitions, which only differ by a factor of
three. The atom numbers in the two cases do not differ by more than a factor of five. We cannot
draw a clear conclusion from the results at this point. One obstacle for the comparison of the
interaction of thermal and condensed clouds with the pumping light is that the optical depths
are significantly different. It is likely that for the BEC, the radiation interacts mainly with the
outer region of the cloud (on the side from which the pumping light is applied) and does not
penetrate to the centre of the cloud. This is an important difference to the results from section
5.3, where the proposed mechanism assumes photons to be emitted primarily in the centre of
the condensate. It is not clear whether an investigation of the boson-accumulation regime as
presented in this section is sufficient to explain the absence of heating observed in the pulsed
pumping experiment. It would be an intriguing experiment to investigate the dependence
of the pulsed pumping efficiency and the heating rate on the state of the transfer pulse, by
adequately preparing the state of the transfer pulse before it enters the lasing condensate.
5.5 Summary
The results described in this chapter demonstrate coherent population transfer between two
Bose-Einstein condensates. The achievement of such an atom laser pumping mechanism is an
important step towards a continuous atom laser source, with potential applications in atom
interferometry. Combining the pumping mechanism presented with a (not necessarily coherent)
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replenishment of the source condensate is the obvious, but non-trivial, route to realising the
continuous atom laser. By operating in the pulsed regime, the experiment demonstrated here
permits the temporal investigation of the momentum resonance required for the population
transfer. Due to the slight overlap of the two condensates, two momentum resonances are
possible. The atoms in the transfer pulse (or beam) could absorb the optical pumping light
shortly after being outcoupled and emit a photon in the same direction to decay into the
mode of the lasing condensate with no change in momentum. Alternatively, the atoms could
absorb the optical pumping light approximately 1.2ms after outcoupling when they have a
momentum of 2ħhk downwards, and emit a photon in the opposite direction to decay into
the mode of the lasing condensate. It was not possible to distinguish between these two
cases in our previous experiment demonstrating a continuously pumped atom laser [140].
From the results presented in this work, we conclude that the emitted photons are emitted
downwards corresponding to a 2ħhk momentum kick given to the atoms. Using the information
about this momentum resonance, we conclude that it is a Raman superradiance-like process
that drives the pumping of the atom laser. The process is in its implementation different
from, but fundamentally identical to, the work by Schneble et al. [142] and Yoshikawa et al.
[143]. One could expect the emitted resonant photons to significantly heat the condensate
due to re-absorption and spontaneous emission. However, we find no observable increase in
the temperature of the condensate. We believe that this is due to effects beyond mean field
theory such as those that apply in the boson-accumulation regime [148]. These effects are
not negligible and must be considered in a full theoretical treatment. Further investigations
of the heating phenomenon by measuring the heating and loss of atoms from a condensed
cloud when interacting with resonant light has not led us to a clear conclusion about whether
the results of the pulsed pumping experiment are to be explained by the boson-accumulation
regime.
Chapter 6
Probing atomic potentials with
Bose-condensed sources
The detailed knowledge of atomic and molecular potentials is indispensable in numerous
fields of physics, and the measurement of atomic scattering properties forms the basis for a
refined understanding of such potentials. In many cases, atomic potentials are well enough
understood to be used as a ‘roadmap’ for controlled manipulation of multi-particle states. In
the case of quantum entanglement [150], scattering processes are used to produce entangled
quantum states. Precision measurements with atom interferometers [2], on the other hand,
require detailed information on atomic interactions to avoid systematic sources of uncertainty.
In a combination of these two fields, low energy collisions have been shown to be useful for
producing entangled (squeezed) [118] states for precision measurements [31, 32]. Regarding
coherent matter waves and atom lasers, interactions in ultracold bosonic systems have been
used to study four-wave mixing of matter waves [151, 152] and to demonstrate matter wave
amplification [153]. Finally, the mere process of forming Bose-Einstein condensates relies on
Bose-enhanced scattering [75, 76], and understanding this process inherently requires the
knowledge of atomic scattering properties. The above examples are only a few in many and
strongly underline the importance of a detailed understanding of atomic potentials.
A well established method to study atomic potentials is using fast atomic and molecular
beams derived from supersonic nozzle expansions. These techniques have found widespread
use in physics and physical chemistry to determine important properties such as molecular
potential surfaces. In such experiments, two beams collide and scatter inside a vacuum
chamber. Analyses of the angular distribution of scattering events are used to infer the
potentials describing the interaction between the collision partners [154]. This information
is a basic input into many calculations in quantum chemistry. Similarly, fast atomic beams
are widely used in surface science to measure properties such as the surface geometry of
adsorbates, underlying surface crystal structures and the density of states of surface phonons.
In these experiments, a fast beam strikes the surface and is scattered. The angular distribution
and energy of the scattered atoms is analysed and the desired surface property is extracted
[155, 156, 157]. It is an intriguing idea to explore a Bose-condensed atomic sample in the form
of an atom laser for analogous applications at very low collision energies. On the one hand,
such implementations are not likely to compete with thermal beam devices on a quantitative
level in the near future. An atom laser generally has a lower average flux and requires more
complex construction efforts than a typical thermal source. The maximum collision energies
in an experiment like this are limited by the spatial extent of the vacuum chamber and the
fact that the collision energies involved in most cases need to be gained from acceleration
under gravity. On the other hand, it is a very interesting challenge to explore the viability
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of Bose-condensed sources for applications in surface science and scattering measurements
on a fundamental level. As discussed in chapter 2, the atom laser offers the advantage of an
atomic beam with a small transverse position and momentum spread, allowing amongst others
for a better spatial detection resolution. Compared to measurements involving bulk gases
or solid state crystals, freely propagating atomic beams are in an isolated and controllable
measurement environment. The internal atomic state can usually be well controlled, and
the comparatively low atomic densities allow for an unperturbed determination of two-body
interactions, which in turn can form the basis for more complicated many-body interaction
measurements at higher densities. Contrary to freely propagating atomic beams, the high
densities that can be reached in trapped Bose-condensed samples allow for measurements of
such many-body interactions. Three-body interactions in Bose-Einstein condensates are an
important process that has been shown to lead to the formation of exotic Efimov states [158]
and enhanced loss from the trapped atomic sample [159].
This chapter presents results on the investigation of atomic potentials with Bose-condensed
sources, which were achieved as part of this thesis. In the first part, we will give an introduction
to the characterisation of atomic interactions via scattering lengths and present an approximate
method to calculate the scattering length between two arbitrary states from the singlet and
triplet scattering lengths. This section is meant to provide the reader with a basic understanding
of scattering lengths and how different scattering length classifications relate to more specific
problems. The second part contains results on an atom laser scattering experiment, as a more
detailed description of the work in [160]. In essence, an atom laser is used to probe via
collision the mean field potential of a target Bose-Einstein condensate. We measure the s-wave
scattering length describing the interaction between the | f = 2,mf = 0〉 and | f = 1,mf = −1〉
hyperfine ground states of 87Rb . Unlike recent experiments studying the scattering properties
of two colliding condensates in the same [161, 162] or in different [163] internal states,
we investigate scattering in an energy regime where it is only necessary to consider s-wave
collisions. The probing atom laser is in the | f = 2,mf = 0〉 state, which is to first order
magnetically insensitive and therefore reduces the impact of unstable magnetic fields on the
measurement. Finally, we shall present results on a measurement of three-body loss in 85Rb
that were achieved in close collaboration with Paul Altin. Unlike the well-understood two-body
processes described above, three-body interaction parameters have not been determined to
the same level of accuracy so far. The measurement described addresses the loss in a 85Rb
Bose-Einstein condensate at two different scattering lengths and allows us to extract an upper
bound on the three-body loss parameter K3.
6.1 Characterisation of atomic interactions
The outcome of an elastic collision between two atoms is determined by the two-body molecular
potential describing the interaction between the colliding partners. Such potentials can be of
enormous complexity and cannot be calculated from first principles in a straightforward way. In
the limit of low energies, however, a two-body collision is characterised by a single parameter
— the phase δ accumulated during the collision. This phase can in turn be expressed in terms
of the scattering length a, yielding a convenient and energy-independent parametrisation
of two-body collisions in the low-energy limit. Precise measurements of s-wave scattering
lengths in alkali atoms have been conducted using, e.g., Raman [164] and photoassociative
spectroscopy [165]. For 87Rb, such measurements have been accomplished in a highly accurate
way; the present uncertainty in the s-wave scattering lengths is of the order of 0.1% [166].
However, these methods are based on a refined knowledge of the molecular potentials (see
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[161]), as opposed to the straightforward scattering length measurement that will be presented
in section 6.2.
6.1.1 s-wave scattering length
Without going into a detailed analysis, this section gives a short introduction to the relevant
quantities when studying low-energy atomic collisions. We follow the standard approach in
quantum scattering theory [167] and assume a plane incoming wave being scattered by a
potential V (r ) (which tends to zero faster than 1/r). In the limit of large distances this leads
to the asymptotic wave function
Ψ(r,θ ) = A
￿
eikz + f (k,θ )
eikr
r
￿
, (6.1)
where k is the wave number of the incoming wave and θ the scattering angle with respect to
the beam axis. Ψ(r,θ) is the sum of the incoming plane wave and a scattered wave with an
angular and radial dependence. In the limit of low collision energies in two-body interactions,
it is convenient to use a partial wave expansion and write the scattering amplitude f (k,θ ) in
terms of scattering amplitudes of defined angular momentum l [167]:
f (k,θ ) =
∞￿
l=0
(2l + 1)al(k)Pl(cosθ ), (6.2)
where Pl(cosθ) is the l th degree Legendre polynomial, and al(k) describes the partial wave
amplitude corresponding to angular momentum l. When analysing low-energy collisions, this
approach makes it possible to consider only the lowest orders in the partial wave expansion. In
the particular case of ultracold atoms and Bose-Einstein condensates, centre-of-mass energies
are generally low enough to neglect all contributions except the 0th order — the case of pure
s-wave scattering.
The partial wave amplitude al(k) is related to the collisional phase difference δl(k) accu-
mulated by the atomic wave packet as compared to a freely propagating wave via
al(k) =
1
2ik
￿
e2iδl (k)− 1￿ . (6.3)
In the case of low collision energies, one can define the s-wave scattering length a as the low-k
limit of the lowest order partial wave amplitude,
a = − lim
k→0
tanδ0(k)
k
= − lim
k→0 a0(k). (6.4)
The s-wave scattering length is an enormously useful parameter when it comes to describing
low energy atomic collisions. Independently of the exact form of the scattering potential, the
scattering amplitude and cross section are characterised solely through the phase accumu-
lated during the collision, and the scattering length a conveniently relates this phase to a
characteristic length scale for the collisions involved.
6.1.2 Singlet and triplet potentials
The above introduction to atomic scattering does not take into account the inherent internal
structure of atoms. The variety of internal ground states in alkali atoms leads to the possibility
of inelastic scattering processes, where the final internal atomic states after a two-atom collision
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are different from the initial states. For elastic collisions, the scattering length can be highly
dependent on the internal states of the colliding atoms, and we will discuss the dependence in
more detail in the course of this chapter.
In a rather general form, the interaction Hamiltonian of two colliding atoms can be written
as Hˆint = Hˆc + Hˆhf + HˆB + Hˆd + Hˆso [168]. The first term Hˆc describes the central part of the
interaction, which is a combination of the electron exchange interaction Hˆex and the dispersive
van der Waals potential Hˆdsp, i.e. Hˆc = Hˆex+ Hˆdsp. The hyperfine interaction is described by
Hˆhf = Ahf(iˆ1 · sˆ1 + iˆ2 · sˆ2), where Ahf is the hyperfine constant and iˆ i and sˆ i are the nuclear
and electron spin of atom i. Compared to the hyperfine interaction Hˆhf, the magnetic dipole
interaction Hˆd can usually be neglected, and the magnetic Zeeman interaction HˆB is negligibly
small in the case of low magnetic fields. The spin-orbit interaction Hˆso vanishes to first order
in alkali atoms, due to the zero orbital angular momentum of the ground state. We will restrict
the following discussion to a potential containing the central potential Hˆc and the hyperfine
interaction Hˆhf only.
The short range part of the central interaction Hˆc is strongly dominated by the electron
exchange interaction. Electron exchange is the effect responsible for covalent bonding of
molecules. If the two outer shell electrons of the atoms have parallel spins, they cannot occupy
the same orbital due to Pauli’s exclusion principle. For opposite spins, the same orbital can be
occupied by two electrons and a covalent bond can be formed. The parallel and opposite spin
orientations correspond to a spin part of the two-atom wave function which is symmetric and
antisymmetric under particle exchange respectively. The spin states are commonly written as
singlet (antisymmetric) and triplet (symmetric) states,
|t〉 =

￿￿t+1￿= |↑↑〉￿￿t0￿= 1￿2 (|↑↓〉+ |↓↑〉)￿￿t−1￿= |↓↓〉
|s〉 = 1￿
2
(|↑↓〉 − |↓↑〉) ,
(6.5)
where the notation |↑↓〉 stands for the direct product |↑〉a⊗ |↓〉b of two states in separate Hilbert
subspaces. The symmetric triplet states |t〉 correspond to a total electron spin of S = 1 and an
antisymmetric spatial part of the wave function, owing to the fact that the overall electron wave
function must be antisymmetric under electron exchange. Correspondingly, the singlet state |s〉
(spin S = 0) requires a symmetric spatial wave function. Figure 6.1 illustrates this fundamental
difference in the charge distribution of a two-atom state. The different charge distribution
leads to a significantly different Coulomb potential and hence to a spin dependent overall
Figure 6.1: Illustration of the symmetric (upper row) and antisymmetric (lower row) electron densities
for two atom states of hydrogen-like atoms, for different separations of the nuclei. The symmetric
electron configuration is energetically favourable and can lead to covalent bonding of molecules.
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two-atom interaction energy. Notably, this spin dependency occurs although no spin-spin
interactions are explicitly included in the associated part of the Hamiltonian. It is solely due to
the quantum mechanical requirement of an antisymmetric two-electron wave function. Taking
into account the fundamental spin-dependency, the central interaction potential is conveniently
written as a sum of a triplet and a singlet part, Hˆc = PˆtUt + PˆsUs, where Pˆt = 3/4+ sˆ1 · sˆ2 and
Pˆs = 1/4− sˆ1 · sˆ2 are projection operators onto the triplet and singlet subspaces respectively.
Correspondingly, the interaction between ground state alkali atoms is commonly quantified in
terms of the singlet and triplet scattering lengths, as and at . Ut and Us are proportional to gt
and gs, which are related to the scattering lengths via gt,s = 4πħh2at,s/m.
In practice, the experimentalist is mostly interested in knowing the scattering length be-
tween two atoms in specific hyperfine ground states, | f1mf ,1〉 and | f2mf ,2〉. The corresponding
product state | f1mf ,1 f2mf ,2〉 is not an eigenstate of the central interaction Hamiltonian and
needs to be decomposed into singlet and triplet components. When working with bosonic
alkali atoms, | f1mf ,1 f2mf ,2〉 is never a pure singlet state and only a pure triplet state in the
case of two identical maximally stretched states. Strictly speaking, the two-particle spin state
of two indistinguishable colliding bosons has to be symmetrised (or anti-symmetrised) in order
to fulfil the requirement of a symmetric overall wave function. The (anti-)symmetrised initial
bosonic state would be |i(anti-)sym〉 = 1￿2
￿| f1mf ,1 f2mf ,2〉+ (−)| f2mf ,2 f1mf ,1〉￿. The outcome
of the following derivation, however, does not differ between the symmetrised state and the
simple product state |i〉 = | f1mf ,1 f2mf ,2〉, which we will thus use as the initial state. The
analysis will be based on several simple basis transformations, and the reader should not be
discouraged by the lengthy expressions involved.
When considering singlet and triplet interactions, it is necessary to express |i〉 in the basis
of electronic and nuclear spins as
|i〉=￿
{m}
￿
mi,1ms,1| f1mf ,1
￿￿
mi,2ms,2| f2mf ,2
￿ ￿￿mi,1ms,1mi,2ms,2￿ , (6.6)
where the 〈mims| f mf 〉 are the Clebsch-Gordan coefficients describing the coupling between
the { f ,mf }- and the {mi ,ms}-basis, and {m} = {mi,1,ms,1,mi,2,ms,2} contains all possible
combinations of mi,k and ms,k (k ∈ 1,2). The single-atom nuclear and electronic spins, ik and
sk, do not change during the interaction and are not explicitly mentioned in this notation.
Expressing the state
￿￿mi,1ms,1mi,2ms,2￿ as a sum of triplet and singlet states leads to
￿￿mi,1ms,1mi,2ms,2￿=
 +1￿
j=−1
c j,{m}|t j〉+ d{m} |s〉
￿￿mi,1mi,2￿ , (6.7)
where
|d{m}|2 +
+1￿
j=−1
|c j,{m}|2 = 1 (6.8)
for all possible {m}. Unequal singlet and triplet scattering lengths lead to a mixing of different
| fkmf ,k flmf ,l〉 states during the collision, as these states are not eigenstates of the s1 · s2 part
of the central interaction Hamiltonian Hc . It is very enlightening to write down the final state
after the collision in terms of the singlet and triplet scattering lengths, as and at . The singlet
and triplet components acquire different phase shifts δt and δs during the collision, and the
final state is obtained by adding these phase shifts in the expression of the initial state |i〉
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(equation (6.6) combined with equation (6.7)):
￿￿ f ￿=￿
{m}
￿
mi,1ms,1| f1mf ,1
￿￿
mi,2ms,2| f2mf ,2
￿×
eiδt +1￿
j=−1
c j,{m}|t j〉+ eiδs d{m} |s〉
￿￿mi,1mi,2￿ .
(6.9)
This state will in general be different from the initial state |i〉, depending on the difference
of the phase shifts δt and δs. Considering the projection p of the final on the initial state,
p ≡ ￿i| f ￿ = |p|eiδ, allows us to extract the elastic and inelastic scattering probabilities. We get
p =
￿
{m}
￿￿￿￿mi,1ms,1| f1mf ,1￿￿￿￿2 ￿￿￿￿mi,2ms,2| f2mf ,2￿￿￿￿2×
eiδt +1￿
j=−1
|c j,{m}|2 + eiδs |d{m}|2
 . (6.10)
For the amplitude and the phase of the projection p, we have in the limit of small phase shifts
δs,δp ￿ 1:
|p|2 = |￿
{m}
At,{m}|2 + |
￿
{m}
As,{m}|2 + 2cos￿k(at − as)￿￿
{m}
￿
{m￿}
At,{m}As,{m￿} (6.11)
δ = δt
￿
{m}
At,{m} +δs
￿
{m}
As,{m}, (6.12)
with
At,{m} =
￿￿〈mi,1ms,1| f1mf ,1〉￿￿2 ￿￿〈mi,2ms,2| f2mf ,2〉￿￿2 +1￿
j=−1
|c j,{m}|2
As,{m} =
￿￿〈mi,1ms,1| f1mf ,1〉￿￿2 ￿￿〈mi,2ms,2| f2mf ,2〉￿￿2 |d{m}|2. (6.13)
In the same limit, the accumulated phase δ in equation (6.12) transforms straightforwardly
into the overall scattering length
a = at
￿
{m}
At,{m} + as
￿
{m}
As,{m}, (6.14)
a weighted average of the singlet and triplet scattering lengths. Equation (6.14) gives a good
estimate of the overall scattering length between two states in the case where the hyperfine
splitting of the ground state can be neglected, i.e. when the difference in phase evolution
of different hyperfine states during the collision is well below the phase picked up due to
the singlet and triplet potentials. One can see from equation (6.11) that for equal scattering
lengths at and as, the modulus of the projection p equals one, |p| = 1. The initial and final
states are identical apart from a phase shift and the collision is purely elastic. In the case of
unequal scattering lengths, |p|< 1, and the composition of the final state is different from the
initial one, indicating the contribution of inelastic scattering processes. For 87Rb, at and as
do not differ by more than 10% (see table 6.1), and inelastic scattering processes are highly
suppressed. However, this coincidence of the triplet and singlet scattering lengths is rather
unique, and the situation can be different for otherwise very similar atomic species. In 85Rb,
the singlet and triplet scattering lengths are vastly different, leading to an increased sensitivity
to inelastic scattering processes. To a large extent, such characteristics determine the feasibility
of Bose-Einstein condensation in a given atomic species.
Table 6.1 gives a summary of literature values for the scattering lengths in 87Rb and 85Rb.
In addition to the singlet and triplet scattering length, it contains information on the scattering
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87Rb 85Rb
at 98.98(4)a0 −388(3)a0
as 90.4(2)a0 2795+420−290a0
aF ( f = 1) F = 0 101.78(20)a0 n.a.
F = 2 100.40(10)a0 n.a.
aF ( f = 2) F = 0 87.93(20)a0 n.a.
F = 2 91.28(20)a0 n.a.
F = 4 98.98(4)a0 n.a.
Table 6.1: Scattering lengths for 87Rb and
85Rb in terms of the Bohr radius a0. The
values for the triplet and singlet scatter-
ing lengths at and as can be found in
[166], the values for the aF are in [169].
For 85Rb, the difference between the sin-
glet and the triplet scattering length is
significantly larger than for 87Rb, mak-
ing it more prone to inelastic scattering
processes.
lengths for two identical particles with total angular momentum quantum number F , as an
alternative classification scheme. In contrast to the single particle angular momentum quantum
numbers fi and mf ,i, the two particle angular momentum F is conserved during the spin
exchange interaction and can be used to classify the interaction. For collisions involving
identical bosons, F is restricted to even values due to symmetry constraints.
6.1.3 Effect of hyperfine interactions
The real scattering lengths between specific states | f1mf ,1〉 and | f2mf ,2〉 do not necessarily
lie between the associated singlet and triplet scattering lengths, in contradiction to equa-
tion (6.14). The major reason for this is the negligence of the hyperfine interaction term,
Hˆhf = Ahf(iˆ1 · sˆ1 + iˆ2 · sˆ2). Even for elastic collisions, where the internal atomic states are
identical before and after the collision, the internal states are coupled to different states during
the collision. This, in combination with the hyperfine level splitting, leads to a change in
the phase accumulated during the collision and henceforth a different scattering length. An
accurate calculation of scattering lengths including hyperfine interactions requires refined
coupled channel models and is not part of this thesis. We will however present a simplified
method to estimate the effect of the hyperfine interaction on the scattering length.
Correcting for hyperfine structure effects The use of equation (6.14) is only valid in the
limit of negligible hyperfine interactions. For a more refined analysis, we go back to equations
(6.6) and (6.7), which express an arbitrary initial two-atom state as a superposition of the
eigenstates of the spin exchange interaction, the singlet and triplet states. In the simple model
neglecting hyperfine interactions, each of the singlet and triplet states acquires a phase shift
during the collision, determined by the singlet and triplet scattering lengths. The situation
becomes more involved when the hyperfine coupling term Hhf is taken into account, as the
singlet and triplet states are not eigenstates of this part of the Hamiltonian. One can decompose
each of the singlet and triplet states in terms of hyperfine eigenstates | f ￿1mf ￿,1 f ￿2mf ￿,2〉,
|s〉|mi,1mi,2〉=
￿
f ￿1 ,mf ￿ ,1, f ￿2 ,mf ￿ ,2
〈 f ￿1mf ￿,1 f ￿2mf ￿,2|s,mi,1mi,2〉| f ￿1mf ￿,1 f ￿2mf ￿,2〉
|t j〉|mi,1mi,2〉=
￿
f ￿1 ,mf ￿ ,1, f ￿2 ,mf ￿ ,2
〈 f ￿1mf ￿,1 f ￿2mf ￿,2|t j ,mi,1mi,2〉| f ￿1mf ￿,1 f ￿2mf ￿,2〉.
(6.15)
For alkali atoms, the ground state is split into two hyperfine manifolds, and for the exact phase
evolution of a singlet or triplet state, one needs to know its decomposition into hyperfine
states according to equation (6.15). Whereas in equations (6.6) and (6.7), the initial state
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Table 6.2: Scattering lengths for iden-
tical 87Rb in different substates of the
ground state hyperfine manifold, de-
termined using the simplified hyper-
fine structure correction and the liter-
ature values for aF [169] in combina-
tion with equation (6.17). The quoted
uncertainties are based on the uncer-
tainties in table 6.1.
￿￿ f ,mf ￿ Simplified model Calculated from [169]
|1,0〉 100.87(6)a0 100.86(9)a0
|1,±1〉 100.40(10)a0 100.40(10)a0
|2,0〉 94.41(6)a0 94.57(7)a0
|2,±1〉 95.55(5)a0 95.68(9)a0
|2,±2〉 98.98(4)a0 98.98(4)a0
|i〉 is decomposed in terms of singlet and triplet states, equation (6.15) introduces a further
decomposition of the singlet and triplet states in terms of the hyperfine eigenstates (which
form the basis of possible initial states). Compared to the initial two-atom hyperfine state
|i〉 = | f1mf ,1 f2mf ,2〉, the decomposition in equation (6.15) can contain states whose total
single-atom spin fi has been raised or lowered by one during the collision, for one or both
of the colliding atoms (e.g. f ￿i = fi ± 0,1). In such a case, the difference in energy between
the hyperfine levels leads to a larger or smaller acquired phase shift. We accordingly adjust
the phase shift and therefore the scattering length by an addition (subtraction) of ￿at,s to
the triplet and singlet scattering lengths of a state whose fi has been raised (lowered) within
a particular decomposition. This adjustment is specific to each pair of initial states of the
two colliding atoms. For each singlet or triplet state we perform a weighted average and
obtain a specific scattering length, which depends on the combinations of fi and f ￿i that are
possible during the collision. The overall scattering length for the initial two-atom state can be
calculated by a weighted average similar to equation (6.14), with the difference being that at
and δt are now specific to the initial state |i〉 and can depend on the specific triplet state |t j〉.
This phenomenological model contains ￿ as a free parameter. We calibrate ￿ for 87Rb using
the well known scattering length a1,−1 = 100.40(10)a0 between two identical atoms in the| f = 1,mf = −1〉 state and obtain ￿ = 6.8 · 10−2.
Verification of the model We have tested this rather phenomenological model against the
scattering lengths aF given in table 6.1. We consider identical atoms colliding with an initial
state |i〉= | f mf f mf 〉. First, we decompose this state in the two-particle angular momentum{F,MF}-basis, ￿￿ f mf f mf ￿= ￿
F,MF
￿
f f FMF | f mf f mf
￿ ￿￿ f f FMF￿ . (6.16)
The scattering length can be calculated from equation (6.16) as a weighted average over
scattering lengths aF to
af ,mf =
￿
F,MF
￿￿￿￿ f f FMF | f mf f mf ￿￿￿￿2 aF . (6.17)
We calculate af ,mf with two different methods, using either equation (6.17) or the model
described in the previous paragraph. Both methods show reasonable agreement for 87Rb, as
shown in table 6.2. The quoted uncertainties are based purely on the uncertainties of the
scattering lengths in table 6.1, which form the basis of the derivation leading to the values
in table 6.2. The scattering length of atoms in the | f = 1,mf = ±1〉 state agrees perfectly,
as it is used for the calibration of the free parameter ￿. For the state | f = 2,mf = ±2〉, the
scattering length is identical to the triplet scattering length in both models. In the experiment
described in the following section, we perform a scattering length measurement using a freely
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propagating atom laser colliding with a trapped Bose-Einstein condensate. We measure the
scattering length between the states | f = 2,mf = 0〉 and | f = 1,mf = −1〉. From the foregoing
derivation, we expect a scattering length of a = 97.6a0.
6.1.4 Spin-dependence of interactions
The above introduced scattering lengths aF provide a characterisation of the interaction
strengths for two identical colliding bosons of total (two-particle) spin F . It is instructive
to relate the aF to the spin-dependent and spin-independent part of the interaction. The
spin-dependence is particularly important when considering spinor Bose-Einstein condensates
in optical dipole traps and has been described in detail in the literature, see e.g. [170]. For
an atomic cloud of f = 1 bosons, the total angular momentum is either F = 0 or F = 2, and
we can write the interaction energy term as Hˆint ∝ g0 Pˆ0 + g2 Pˆ2, where gF = 4πħh2aF/m is the
interaction strength for total spin F . PˆF is the projection operator onto the subspace of total
spin F . The single-particle spins are fˆ 1 and fˆ 2, and one can write
fˆ 1 · fˆ 2 = 12
￿
Fˆ2− fˆ 21− fˆ 22
￿
=
1
2
￿
F=0,2
￿
F(F + 1)− 2 f ( f + 1)￿ PˆF = Pˆ2− 2Pˆ0 (6.18)
for f1 = f2 = f = 1. By definition, the projection operators fulfil Pˆ0 + Pˆ2 = 1ˆ. These two
relations allow us to express the interaction energy term as
g0 Pˆ0 + g2 Pˆ2 = c01ˆ+ c2 fˆ 1 · fˆ 2, (6.19)
with c0 = (g0 + 2g2)/3 and c2 = (g2 − g0)/3. Equation (6.19) separates the spin-dependent
and the spin-independent part of the interaction and is commonly used to quantify the
dynamics in spinor condensates. For example, whether a system exhibits ferromagnetic or
anti-ferromagnetic behaviour is governed by the sign of c2.
6.2 Probing a Bose-Einstein condensate
To study the low energy two-body interactions in 87Rb, we use a system of two spatially
separated Bose-Einstein condensates, labelled the source and the target condensate. We derive
a probing atom laser pulse from the source and collide it with the second atom cloud, the
target condensate. The probe pulse and the target condensate are in the | f = 2,mf = 0〉 and| f = 1,mf = −1〉 state respectively, allowing the probe pulse to propagate almost unaffected
by the magnetic trapping potential of the target condensate. A schematic diagram of the
experiment is shown in figure 6.2. We analyse the momentum spread of scattered atoms
and determine the scattering length a12 between the two states involved in the collision.1 To
our knowledge, this scattering length has not been measured before. The measurement we
present here does not rely on the usually necessary knowledge of the exact molecular potentials
and offers a more direct and less complex way of measuring the interactions between two
different hyperfine states in 87Rb. The precision of our measurement is 3% and can most likely
be improved by a more detailed theoretical analysis. In a conceptually identical setup, the
technique could be adapted to study inter-species scattering and measure currently unknown
interaction parameters.
1The centre-of-mass energy of the colliding atoms lies below 1µK, and we are operating in a regime where
only pure s-wave scattering has to be considered.
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6.2.1 Preparing the source and target condensates
In this paragraph, we will concentrate on the details of the experimental apparatus that
are important for obtaining a well controlled atom number in the two desired states. The
population control is realised using a short intense laser pulse of circular polarisation, resonant
with the 87Rb f = 2 → f ￿ = 2 D2-transition. After the atoms have been cooled in a MOT
and a polarisation-gradient cooling stage, this pulse pumps a fraction of the atoms into
the | f = 1,mf = −1〉 state. In addition to the pumping pulse, a repumping pulse on the
f = 1→ f ￿ = 2 transition needs to be turned on during the first part of the pumping stage.
The repumping pulse ensures that atoms that decay to the f = 1 manifold before reaching the
final | f = 1,mf = −1〉 state are pumped back to the f = 2 manifold. By accurate control of the
length of the pumping pulse (with a precision of 0.5µs), we retain up to 5× 109 atoms in the
| f = 2,mf = 2〉 state. Typical lengths of the optical pumping pulse are between 20µs and 40µs,
yielding a well-controllable mixture of atoms in the | f = 1,mf = −1〉 and | f = 2,mf = 2〉
states.
After the state preparation, the atoms are trapped in a 200G/cm magnetic quadrupole
trap, transported to a separate position, transferred into a QUIC trap and evaporatively cooled
to the condensation temperature. Because of the different magnetic moments of the trapped
states, the cooling only works efficiently for atoms in the |1,−1〉 state. However, atoms in
the more tightly confined |2,2〉 state are sympathetically cooled by elastic collisions with the
|1,−1〉 atoms. Gravity shifts the potential minimum to a position vertically below the magnetic
field minimum. The more tightly confined atoms in the |2,2〉 source condensate are situated
above the |1,−1〉 target cloud (see figure 6.2). The separation between the centres of the two
condensates is 7.3µm. The Thomas-Fermi radius of each of the clouds depends only weakly on
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Figure 6.2: Schematic setup of the experiment. The two condensates are situated at different vertical
positions in the same magnetic trap. (a) The atom laser is output-coupled from the source condensate
and (b) scattered off the target condensate. (c) The scattered probe pulse falls under gravity and (d) is
imaged by near-resonant light incident along the long axis of the condensates. The confining magnetic
fields are switched off before the image is taken, letting the condensates expand for 5ms.
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the atom number and lies between 4µm and 6µm for the atom numbers used.2 Like the states
of the source and the target condensates, the |2,1〉 state is magnetically trappable and could
in principle be present due to imperfect state preparation. This state would spatially overlap
with the position of the |1,−1〉 target condensate and could significantly alter the results of the
measurement. By turning off the usually present repumping light during the imaging process,
we verify that there is no cloud of atoms in the |2,1〉 state before the experiment is performed.
6.2.2 Outcoupling, scattering and imaging the probe pulse
The two-condensate system described above is the starting point of the atom laser probing
experiment. The three critical steps in the experiment are outcoupling, scattering and imaging
of the atom laser probe pulse.
Outcoupling: Two magnetic coils are placed near the vacuum chamber, allowing us to out-
couple atoms to the untrapped (mf = 0)-state from either condensate via rf transitions
between Zeeman levels. One of the coils is used to reduce the atom number in the
|1,−1〉 target condensate before the scattering experiment is carried out. We can pre-
cisely control the size of this condensate by adjusting the power of the outcoupling pulse
and realise target condensates with sizes between 104 and 1.5× 106 atoms. Due to the
finite frequency width of the pulse, we cannot avoid partially addressing the |2,2〉 source
condensate with the rf depletion pulse. Ideally, we aim to maintain a constant atom
number in the source condensate. We compensate for the depletion by simultaneously
adjusting the optical pumping time, so that the number of atoms in the source condensate
is the same for each data point. Next, a probe pulse is outcoupled from the source cloud
for 80µs using the second magnetic coil. The short outcoupling process allows for a high
signal-to-noise ratio in the image of the probe pulse. The atoms constituting the pulse
are in the |2,0〉 state.
Scattering: The atom laser pulse scatters as it propagates through the target condensate.
The large density and associated density gradients of the target condensate compared
to thermal targets result in a rather large angular deflection of the order of 0.1 rad.
Combined with the excellent transverse localisation of the probe pulse, this allows us to
detect the momentum distribution only a few mm away from the scattering event.
Imaging: We detect the spatial distribution of the probe pulse and the atom numbers in the
source and target condensates via absorption imaging. The circularly polarised imaging
laser is resonant with the f = 2→ f ￿ = 3 transition. In order to image the atoms in the
| f = 1〉 state, we apply a short (1ms) repumping pulse immediately before the image is
taken. To observe an effect of the lower condensate on the propagating atom laser, it is
crucial to choose the right axis for the imaging beam. The geometric factor determining
the influence of the target condensate on the atom laser pulse is the gradient of the
atomic density in the condensate. The highest gradient and the strongest scattering is
to be expected in the plane perpendicular to the long axis of the condensate, which is
hence used as the imaging direction (see figure 6.2(d)).
6.2.3 Experimental results
The interactions between the target condensate and the probe pulse are analysed using the
spatial density distribution in the pulse for different sizes of the target condensate. We present
2The Thomas-Fermi radius is quoted for the radial direction, perpendicular to the long condensate axis.
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Figure 6.3: Non-averaged absorption pictures of the scattered probe pulse and the two condensates for
atom numbers of (a) 0.05× 106, (b) 0.16× 106, (c) 0.45× 106, (d) 0.87× 106, (e) 1.25× 106, and (f)
1.38× 106 atoms in the target condensate. The three images in each section are taken 0ms, 9ms and
22ms after output-coupling the atom laser pulse. The ballistic expansion time for the two condensates
is 5ms. The graphs below each section show the density profile of the probe pulse at 22ms, integrated
over the width of the pulse along the propagation direction.
experimental results and make a comparison to numerical simulations. This leads us to a
measurement of the s-wave scattering length between the two states involved in the scattering
process.
Increasing the size of the target condensate leads to a clear increase in the width and
a change in the form of the atom laser pulse (see figure 6.3). Whereas we observe the
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characteristic ‘horseshoe’-shaped pattern for the case with almost no target condensate present,3
this pattern changes towards a flattened profile with peaks in the atomic density on the sides
of the pulse when the size of the target condensate is increased. The effect can be described
by the altered momentum distribution of the probe atom laser pulse. We image the probe
pulse in what can be seen as the analogue of the far field limit in classical optics. The density
distribution is dominated by the momentum distribution as opposed to the change in position
(which is of the order of a few µm) when the atom laser pulse traverses the target condensate.
The effect of the altered momentum distribution on the width of the probe pulse depends
proportionally on its fall time. It is crucial to optimise the fall time (to give the required
spatial resolution in the image) while still maintaining a reasonable signal-to-noise ratio in
the absorption image. The longer the fall times the more dilute the probe pulse becomes,
causing stringent requirements on the noise and the efficiency of the detection scheme. We
choose maximum expansion times of 22ms. The measure used for the quantitative analysis of
the scattering process is the width (FWHM) in the x-direction of the atom laser pulse density,
integrated along the y-axis (see figure 6.2 for the geometric notation). This is a simplification,
as the shape of the probe pulse changes with changing target condensate size. The probe pulse
density distribution can exhibit rather complex spatial patterns, and not all of the information
contained in such patterns will be reflected in the width of the integrated density. For example,
the width inherently contains the average over different parts of the pulse that have gained
different momenta during the process.
For each set of experimental parameters, the pulse width and the atom number is averaged
over five images. The measured pulse widths are shown in figure 6.4. The collision energy of
the scattering atoms is determined by the velocity that an atom has gained before it reaches the
target condensate. For the fall distances considered here (the probe pulse falls less than 10µm
before it reaches the target condensate), the collision energy lies below 1µK. This energy is
low enough to assume pure s-wave scattering and neglect contributions from higher order
partial waves (see also [161]).
6.2.4 Determining the scattering length
The experiment allows us to extract an estimate of the s-wave scattering length between the
two states involved in the scattering process, | f = 1,mf = −1〉 and | f = 2,mf = 0〉. We use a
classical two-dimensional model and numerically simulate the scattering process. The model is
based on the interaction of atoms in the probe pulse with a classical potential produced by the
mean field of the source and the target condensate. Two main assumptions are inherent to this
model.
The negligibility of back-action: The back-action of the probe pulse on the target and source
condensate is neglected. The probe pulse is significantly smaller (∼ 5%) than the total
number of atoms in the system, reducing the effect of back-action. Even more importantly,
the probe pulse is freely propagating whereas both the source and the target condensate
are trapped in the potential of the magnetic trap. The mean field energy of the probe
pulse is converted to kinetic energy within a very short time after the outcoupling process,
and the trapped condensates are not strongly affected by the remaining potential created
by the probe pulse.
No QM path interferences: Quantum mechanical path interferences are not taken into ac-
count. In the experiment we do not observe such interferences due to the integration
3The ‘horseshoe’ shape of the atom laser pulse when no target condensate is present is due to the interaction
with the mean field potential of the source condensate.
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Figure 6.4: Width of the
scattered atom laser pulse
(FWHM) as a function of the
atom number in the target con-
densate. The red dots indi-
cate the results of the measure-
ments, the blue circles show
the best fit of the numerical
simulations to the experimen-
tal data. The fall time of the
atom pulse before measuring
the pulse width is 22ms.
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effect when imaging the atom laser pulse. In any case, the path interferences can be
assumed to add a fringe pattern to the classical pulse shape without significantly affecting
the width of the pulse [104], which is what this analysis is based on.
In our numerical simulations, we assume the initial density profile of the atom laser pulse to be
a two-dimensional Thomas-Fermi distribution, modified by a Gaussian outcoupling efficiency
profile. The potential experienced by the pulse is given by
U(x , y) = Utg(x , y) + Usr(x , y) +mg y, (6.20)
where Utg and Usr are the potentials generated by the target and the source condensate. We
obtain the following expressions for the mean field potentials of the two condensates:
Usr(x , y) =g22￿
µsr
g2￿2￿
￿
1− (y − ysr)
2 + x2
r2sr
￿
θ (r2sr− [(y − ysr)2 + x2])
Utg(x , y) =g12
µtg
g11
1− (y − ytg)2 + x2
r2tg
θ (r2tg− [(y − ytg)2 + x2]), (6.21)
where µtg (µsc) is the chemical potential, rtg (rsc) the Thomas-Fermi radius and ytg (ysc) the
y-coordinate of the centre of the target (source) condensate. g11 (g2￿2￿) describes the coupling
constant for interactions between identical atoms in the |1,−1〉 (|2,2〉) state. The inter-state
coupling constant g12 (g22￿) refers to scattering between atoms in the |1,−1〉 (|2,2〉) and|2,0〉 states. gi j is related to the scattering length ai j via gi j = 4πħh2ai j/m. The Thomas-Fermi
potential is zero outside the Thomas-Fermi radius of each condensate, which is fulfilled by
adding the step function θ (x).
In the experiment, the atom numbers of the source and the target condensate are deter-
mined from long expansion time images of the two atom clouds. The 80µs outcoupling pulse
has a Fourier-limited frequency width of 16kHz (FWHM), and the atom laser probe pulse is
outcoupled from a large fraction of the source condensate. There is no significant influence
of the curvature of the outcoupling region, and we neglect this effect in the analysis.4 The
4The outcoupling region is generally curved due to the gravitational sag of the condensate in the trap and the
fact that the rf outcoupling pulse addresses a region of constant magnetic field.
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Figure 6.5: Comparison of simulated (upper
row) to experimental (lower row) probe pulse
pictures. The atom numbers in the target conden-
sate are 0.05×106 (left column) and 1.38×106
(right column). The most striking difference be-
tween theory and experiment is the different
vertical extent of the probe pulse. It can be ex-
plained by a difference in the width of the out-
coupling region in the source condensate and
the inherent integration in the experimental ab-
sorption images.
number of atoms in the probe pulse is small compared to the total number of atoms in the
system (the ratio is ∼ 0.05), and we approximate the mean field potential of both the source
and the target cloud to be constant during the scattering process. In the simulations, we
use the atom numbers determined from the experiment and vary the scattering length a12
in 15 steps between 90a0 and 105a0, where a0 is the Bohr radius. As the vertical position
of the outcoupling region is difficult to determine accurately from the experiment, it enters
the simulations as a free parameter. We determine the best fit to the experimental data by
varying the scattering length and the vertical outcoupling position independently. The best
fit (see figure 6.4) is obtained for the centre of the outcoupling region situated 2µm above
the condensate centre (confirming our expectation of outcoupling mainly from the central
condensate region) and a scattering length of a12 = 94(3)a0. In comparison, the values for
the singlet and triplet scattering lengths in 87Rb are as = 90.4a0 and at = 98.98a0 [166], and
our simplified model (see section 6.1) yields a value of a12 = 97.6a0, in reasonable agreement
with the measurement. The stated uncertainty of 3a0 includes the one-σ statistical confidence
region of the fit as well as the estimated systematic uncertainty due to neglecting the third
dimension (along the long condensate axis) in the simulation. However, as the gradient in the
atomic density along this axis is two orders of magnitude smaller than in the radial direction,
the scattering in this dimension is far less distinct.
Figure 6.5 gives a comparison of experimental and simulated pictures of the probe pulse
after the scattering process. Parts (a) and (b) show the simulated scattered probe pulse for
atom numbers of 0.05×106 and 1.38×106 in the target condensate, respectively. Parts (c) and
(d) are the corresponding experimental pictures. Qualitatively, there is reasonable agreement
between the experimental and the simulated pictures. Quantitatively, the main difference is
the vertical extent of the probe pulse. One factor that could cause the smaller vertical extent
of the simulated probe pulse is a slightly incorrect width of the outcoupling region from the
source condensate. It should also be kept in mind that the simulated pictures (figure 6.5 (a)
and (b)) are two-dimensional, whereas the experimental absorption pictures in (c) and (d) are
necessarily integrated along the imaging direction. This integration can cause a difference in
the vertical extent of the pulse measured in the picture. The imaging resolution is of the order
of 10µm and does not have a strong effect on the measured cloud widths.
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6.3 A three-body loss measurement in 85Rb
In the previous section, we dealt with two-body processes and measured the scattering length
between two specific states of 87Rb. As opposed to that, we here present a measurement of
three-body interactions using a Bose-Einstein condensate of 85Rb in a far detuned optical dipole
trap [106, 107]. Three-body interactions can lead to significant loss from ultracold atomic
clouds [171] and are a potentially limiting factor in many BEC experiments. Three-body loss in
85Rb has been studied before [159], however not with a Bose-Einstein condensate. The effect
of three-body loss can be expected to be much more distinct at the large densities of a BEC.
85Rb allows for tunable interactions at accessible magnetic fields, opening up the possibility to
study loss processes as a function of interaction strength. This section presents a three-body
loss measurement for a condensate in the | f = 2,mf = −2〉 state, at scattering length of a = 0
and a = 37a0. To our knowledge, the three-body loss in 85Rb has not been measured at these
scattering lengths before, and we will extract an upper limit for the three-body loss coefficients
K3 from the experimental results.
6.3.1 Multi-body loss processes
To make a general parametrisation of the loss of atoms from an atomic sample, we write the
change in atom number as [171, 172]
N˙
N
= −￿
i
Ki
￿
ni−1
￿
, (6.22)
equivalent to the density loss equation n˙ = −￿i Kini. The i-body loss coefficient is given
by Ki, which includes a Bose-statistical factor of 1/i! when considering multi-body loss in
a Bose-Einstein condensate [172, 173]. The multi-body collision rate is proportional to the
spatial many-body correlation function gi(0) [168, 173]. For thermal clouds the correlation
function is gi(0) = i!, whereas for a BEC we have gi(0) = 1, independent of the order i. The
Bose-statistical factor 1/i! presents a fundamental difference between thermal clouds and
BECs, and it needs to be considered when comparing loss rates based on many-body collisions.
The decay in equation (6.22) is governed by the density-weighted (i − 1)th power of the
density, 〈ni−1〉= 1N
￿
ni(r )d3r. Atom number independent (one-body) loss processes such as
background gas collisions are described by K1 and yield an exponential decay curve. Two-body
loss of ultracold atoms from a magnetic trap is generally due to inelastic two-body collisions.
Two colliding atoms can undergo dipolar relaxation and change their spin orientation to an
untrapped state during the collision, resulting in a loss of atoms from the trap. In far detuned
dipole traps, such spin-changing collisions do not cause a loss of atoms, as the trapping
potential generally depends only weakly on the atomic spin state. Three-body loss is caused
by recombination, where two atoms form a molecule during a three-body collision. We do
not expect collisions involving more than three particles to contribute to our measurements
and are left with a combination of one-, two- and three-body loss. One- and two-body loss
processes are relatively well understood, and we want to analyse the three-body contribution.
As it is difficult to separate the different loss contributions in a measurement, we will restrict
our analysis to an upper bound of the three-body loss coefficient K3.
6.3.2 Three-body loss measurement
The measurements we present in this section will be used to give an upper estimate of the
three-body loss coefficient K3 of the | f = 2,mf = −2〉 state in 85Rb, at scattering lengths of
6.3 A three-body loss measurement in 85Rb 125
0 0.5 1 1.5 2 2.5 3
0
2
4
6
8
x 104
Time (s)
A
to
m
 n
um
be
r
Figure 6.6: Atom
number decay in the
| f = 2,mf = −2〉 85Rb
condensate for a scattering
length of a = 37a0. The
red line is a fit accord-
ing to equation (6.24).
The extracted three-body
loss coefficient is K3 =
(3.3± 0.4)× 10−28 cm6/s.
a = 0 and a = 37a0. Unlike for simple one-body loss processes, the analysis depends critically
on the atomic density (see equation (6.22)). The density distributions for the two scattering
lengths are inherently different, and we will consider them separately.
Positive scattering length, a = 37a0
We start by analysing the loss in the case of a non-vanishing and positive scattering length,
a = 37a0. As is evident from equation (6.22), accurate knowledge of the density distribution
of the cloud is important. We restrict our measurement to atom numbers above 5× 103 in
order to guarantee the validity of a Thomas-Fermi density distribution. The requirement is
4πNa/aho ￿ 1 (see equation (2.4)), and we have 4πNa/aho > 70 for N > 5000 and the
trapping frequencies of {ωx ,ωy ,ωz} = 2π× {50,57,28}Hz. For an analysis of the three-body
loss, we use equation (6.22) with i = 3 only and infer the density from the measured atom
number N . We need to re-express the right hand side of equation (6.22) appropriately, and
evaluating 〈n2〉 in the Thomas-Fermi limit gives a differential equation for the atom number,
N˙ = −K3 5
￿
625
3
1
56π2a3a3ho
￿
aN
aho
￿9/5
≡ −ξK3N9/5. (6.23)
aho is the characteristic harmonic oscillator length scale as defined in section 2.1. Equation
(6.23) can be solved for the atom number N to give
N(t) = N0
 1
1+ 45ξK3N
4/5
0 t
5/4 . (6.24)
Equation (6.24) is in the appropriate form to extract the three-body loss coefficient K3 from
a simple atom number loss measurement from the 85Rb condensate. A condensate in the
| f = 2,mf = −2〉 state is produced in a far-detuned dipole trap (see [107] for details). Via the
155G Feshbach resonance in 85Rb, we switch the scattering length to the desired value and
measure the decay of atom number from the condensate, as shown in figure 6.6. We make
a fit according to equation (6.24), with N0 and the three-body loss parameter K3 as the only
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Figure 6.7: Atom
number decay in the
| f = 2,mf = −2〉 85Rb
condensate for a scatter-
ing length of a = 0. The
red line is a fit according
to equation (6.26). The
extracted three-body
loss coefficient is K3 =
(3.5± 0.7)× 10−29 cm6/s.
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fitting parameters. The fit reproduces the time dependence of the atom number well, and
the resulting three-body loss coefficient is K3 = (3.3± 0.4)× 10−28 cm6/s. The quoted error
is the bare fitting uncertainty. As there is a possibility of other processes contributing to the
atom number loss, we regard the deduced value for K3 as an upper estimate. The 85Rb loss
coefficients presented in [159] were measured using ultracold thermal clouds and at scattering
lengths where a larger three-body loss coefficient is expected [174]. To make a comparison
with our BEC based measurement, we correct the three-body loss coefficient to the value that
would be expected for a thermal cloud of equal density. A Bose-statistical factor of 3! has to
be included, yielding K th3 = K3× 3!= (2.0± 0.2)× 10−27cm6/s. The rescaled value of K3 lies
significantly (almost one order of magnitude) below every value measured in [159].
Zero scattering length, a = 0
In the case of vanishing scattering length, a = 0, the density of the condensate is simply
the scaled modulus squared of the ground state harmonic oscillator wave function [75],
n(r ) = N |φ0(r )|2. As above, we calculate 〈n2〉 to get the three-body loss equation for the atom
number,
N˙ = −K3
￿
mωho￿
3πħh
￿3
N3, (6.25)
with the solution
N(t) = N0
￿
1
1+ 2K3(
mωho￿
3πħh)
3N20 t
￿1/2
. (6.26)
The experimental data, in combination with a fitted curve according to equation (6.26), is
graphed in figure 6.7. As above, the fit has N0 and K3 as the only free parameters and gives
a value of K3 = (3.5± 0.7)× 10−29 cm6/s. To compare with thermal loss measurements, we
again rescale the three-body loss coefficient and obtain K th3 = (2.1± 0.4)× 10−28cm6/s. The
three-body loss coefficient is about one order of magnitude smaller than the one measured for
a = 37a0 and again well below the values presented in [159].
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Figure 6.8: Theoretical predic-
tions by Esry et al. [174]
(red solid line) and Bao et al.
[175] (blue dashed line) are
compared to the experimen-
tally measured values for the
three-body loss coefficient K3.
The experimental data points
are upper bounds which is indi-
cated by the downwards point-
ing arrows attached to the dat-
apoints. All three-body loss
coefficients in this figure ap-
ply to the case of Bose-Einstein
condensates and need to be
rescaled for thermal clouds.
Comparison to theory
It is interesting to compare the experimental results to what has been predicted by theory,
keeping in mind that our experimental values for K3 are upper bounds. Equation (3) in [174]
predicts K(theory1)3 = 3.2× 10−31 cm6/s for both a = 0 and a = 37a0 in an ultracold thermal
cloud. After rescaling with a factor of 1/3! to account for the difference between the three-body
loss rates in thermal and Bose-condensed clouds, the theoretical predictions in [174] are
roughly a factor of 600 (a = 0) and 6000 (a = 37a0) below our respective measured loss
coefficient. Opposed to the rather complicated functional dependence in [174], Bao et al. [175]
obtain a quadratic dependence of K3 on a for a < 0 in a Bose-Einstein condensate, and the
numerical value for the scattering length approaching zero is K(theory2)3
a→0−−→ 0. We graph both
theory curves in combination with the two experimentally measured loss coefficients in figure
6.8. All three-body loss coefficients in figure 6.8 are applicable to the case of Bose-Einstein
condensates. The upper limits measured in our experiment are in agreement with [174]. As a
valuable addition to the loss rates measured in [159], our data shows that the three-body loss
coefficients are indeed suppressed in the scattering length region considered here, as predicted
by [174].
6.4 Summary
The results presented in this chapter underline the suitability and further potential of using
Bose-condensed sources to investigate atomic interactions. We present an experiment using an
atom laser to probe the properties of a second independent Bose-Einstein condensate. Such a
technique can take full advantage of the high densities (and gradients thereof) and potentially
of the coherent nature of Bose-Einstein condensates. Even though an atom laser is far from
being used in a truly applied experiment, it is an intriguing challenge to use the coherence of a
wavelength tunable atom laser for the investigation of molecular potentials or for applications
in surface science. The analysis of our probing experiment gives a measurement with an
uncertainty of 3% of the scattering length a12 between 87Rb atoms in the | f = 1,mf = −1〉
and | f = 2,mf = 0〉 ground states. The uncertainty is significantly larger than the most precise
state-of-the-art scattering length calculations for 87Rb, mainly due to our simplified theoretical
model. However, the method presented above does not rely on the detailed knowledge of
molecular potentials and offers a more direct way of measuring the scattering length. In an
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experimental setup designed for multi-species trapping, it could be used for the study of inter-
species interactions and for the measurement of currently unknown interaction parameters.
Theoretical analysis of the scattering of atoms on Bose-Einstein condensates has been conducted
by different groups (see [176, 177]), and we believe that a more detailed theoretical analysis
of measurements like the one presented could lead to a more precise value of the scattering
length a12. The use of short pulses in the work described here offers the advantage of a
high signal-to-noise ratio as compared to a quasi-continuous atom laser. Nevertheless, the
method could be extended to using a longer probe pulse or even a quasi-continuous beam.
This would increase the spatial selectivity and potentially widen the applications of the probing
experiment.
In addition to the two-body interaction analysis in our probing experiment, we present a
BEC three-body interaction measurement in section 6.3. Three-body loss is an important factor
in many modern experiments working with ultracold atoms, especially when tuning interactions
in the vicinity of a Feshbach resonance. The presented three-body loss measurement introduces
new upper limits for the three-body loss coefficient K3 in 85Rb at scattering lengths of a = 0
and a = 37a0. Further measurements at additional scattering lengths will allow a more
detailed comparison with theoretical predictions, enabling conclusions about the applicability
of different theories.
Conclusion
This thesis presents results on the investigation of Bose-condensed sources for applications
in precision measurements. Bose-Einstein condensates have a range of properties which
can potentially be exploited to increase the sensitivity of such measurements, in particular
when using atom interferometers. The important characteristics in this respect are the low
momentum width, the large density and the good spatial localisation typically associated with
Bose-condensed sources. Interferometers based on thermal atoms have been used successfully
for measurements of fundamental constants and inertial effects, the big advantage compared
to Bose-condensed atoms being the significantly larger achievable flux. The decisive question
to answer is whether the advantages of Bose-Einstein condensates can lead to increased
interferometric sensitivities compared to thermal sources — despite the disadvantage in flux.
The thesis at hand aims at investigating this point. The flux, the momentum width and the
density distribution of Bose-condensed clouds are analysed and compared to the corresponding
properties of thermal clouds. This is done in a theoretical study with parameters equivalent to
typical experimental settings, and we quantify the advantages of Bose-Einstein condensates
regarding its momentum width and spatial localisation. The effect of atomic interactions on
dephasing in an atom interferometer is analysed and shown to be suppressed to below the
quantum projection noise under appropriate (realistic) experimental conditions.
The focus of the thesis is on atom interferometry in setups of the Ramsey type, with the
coupling of 87Rb atoms via two-photon Raman transitions. In particular, a Ramsey interferome-
ter on the atomic clock transition | f = 1,mf = 0〉 → | f = 2,mf = 0〉 with freely propagating
Bose-condensed atoms is demonstrated experimentally. Such a setup has not been inves-
tigated in this combination before. The interferometer operates with ￿ 104 atoms close
to the quantum projection noise limit — the optimum phase sensitivity for an ensemble of
independent atoms. The achieved interferometric sensitivity is to a large extent due to a
stable two-photon coupling scheme, realised via an optical Sagnac interferometer setup of
high passive stability. The quantum projection noise limited detection setup plays a crucial
role, and the requirements for such a system are analysed in the course of this thesis. The
performance of the interferometer including the coupling setup is purely based on passive
stability, allowing further improvements by active stabilisation mechanisms. While it remains
to be seen whether the sensitivities of interferometers based on Bose-Einstein condensates
will exceed those of thermal atom interferometers, this thesis demonstrates the potential of
Bose-condensed sources. The flux is significantly lower than for a comparable interferometer
based on thermal atoms, but the quantum projection noise limited performance shows that in
the regime investigated here, interaction-induced dephasing effects do not have a significant
impact. In fact, the demonstrated quantum projection noise limited performance is of interest
for the implementation of reduced quantum uncertainty (squeezed) states. Squeezed states
can increase the interferometric sensitivity to beyond what is achievable with classical states,
as realised for small atom number BECs in (￿ 103) in [31, 32], and Bose-Einstein condensates
and atom lasers are generally regarded as good candidates for the realisation of squeezing
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schemes [59, 136, 137].
Aside the potential utilisation of atomic interactions for squeezing, Bose-condensed sources
in the form of a continuous atom laser offer possible advantages with respect to high bandwidth
sensing and the reduction of multiple noise sources. This statement is largely true for every
continuously operating interferometer; however, an atom laser offers the additional benefit of
an excellent spatial localisation, enabling continuous two-state detection at the interferometer
output without the necessity of internal state labelling of the interferometer arms. This offers
the advantage of using identical internal states in the interferometer, avoiding the sensitivity
to noise sources affecting the internal atomic states differently. A continuous atom laser for
applications in atom interferometry requires a pumping mechanism that coherently replenishes
the population in the lasing condensate. This thesis presents experimental results on such a
pumping scheme in 87Rb. The mechanism operates in the pulsed regime, enabling us to isolate
the fundamental process driving the pumping. The investigation of the possible momentum
resonances leads us to the conclusion that the underlying mechanism is a Raman superradiance
like process, as demonstrated in [142, 143]. Atoms are Bose-stimulated to undergo coherent
transitions into the lasing condensate, providing a replenishment of the source of the atom laser.
The combination of the demonstrated pumping scheme with a replenishment of the source
condensate (which does not have to be a coherent mechanism) will allow for the realisation of
a truly continuous atom laser.
The low momentum width of Bose-condensed sources is a promising feature for applications
in atom interferometry and precision measurements, in particular for inertial sensing and
gravimetry. There is great potential in exploiting the narrow momentum widths associated with
Bose-Einstein condensates for increased interferometric sensitivities. The larger the momentum
transfer to the atomic cloud, the larger the interferometric inertial sensitivity becomes. Typical
large momentum transfer beamsplitters are highly velocity selective. The momentum width
of a Bose-Einstein condensate — limited by the Heisenberg uncertainty relation and mean
field interactions — promises to be beneficial compared to a typical thermal source. An
interferometer with Bose-condensed atoms will ideally maintain a high beam splitting efficiency
while not reducing the atomic flux by velocity selecting parts of the atom cloud. In fact, there
are a number ways to control the momentum width of a Bose-condensed cloud, for example via
tunable interactions or an adiabatic expansion of the trapping potential before the release of the
cloud. Up to the present date, the most sensitive atom interferometric inertial measurements
are performed using thermal atoms with 2ħhk (two photon momentum transfer) beam splitters.
As mentioned above, the use of large momentum transfer interferometric beam splitters
is a promising route towards exploiting the potential of Bose-condensed sources for atom
interferometry. Beam splitters with more than 20ħhk momentum transfer have been realised
[19], allowing for a tenfold increase in interferometric sensitivity for otherwise identical
experimental settings and signal-to-noise ratio. While such external beam splitters are not part
of the work presented in this thesis, they are a major focus of the ongoing research. In fact,
results on a gravimeter based on multi-photon Bragg transitions have been published recently
[135]. The gravimeter will be extended to measure gravity gradients by using two spatially
separated Bose-Einstein condensates, performing two separate gravity measurements with two
interferometers based on the same beam splitting light fields, similar to the setup in [5]. A BEC-
based atom interferometer with sensitivities comparable to or beyond what is achieved with
thermal atoms has not been realised to date. However, the thesis at hand demonstrates that
there are in fact significant advantages of Bose-condensed sources, making them a potential
alternative for applications in atom interferometry and precision measurements.
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